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ABSTRACT    
Large-scale cultivation of photosynthetic microorganisms for the production of 
biodiesel and other valuable commodities must be made more efficient.  Recycling the 
water and nutrients acquired from biomass harvesting promotes a more sustainable and 
economically viable enterprise.  This study reports on growing the cyanobacterium 
Synechocystis sp. PCC 6803 using permeate obtained from concentrating the biomass by 
cross-flow membrane filtration.  I used a kinetic model based on the available light 
intensity (LI) to predict biomass productivity and evaluate overall performance.       
During the initial phase of the study, I integrated a membrane filter with a bench-
top photobioreactor (PBR) and created a continuously operating system.  Recycling 
permeate reduced the amount of fresh medium delivered to the PBR by 45%.  Biomass 
production rates as high as 400 mg-DW/L/d (9.2 g-DW/m2/d) were sustained under 
constant lighting over a 12-day period.   
In the next phase, I operated the system as a sequencing batch reactor (SBR), 
which improved control over nutrient delivery and increased the concentration factor of 
filtered biomass (from 1.8 to 6.8).  I developed unique system parameters to compute the 
amount of recycled permeate in the reactor and the actual hydraulic retention time during 
SBR operation.  The amount of medium delivered to the system was reduced by up to 
80%, and growth rates were consistent at variable amounts of repeatedly recycled 
permeate.  The light-based model accurately predicted growth when biofilm was not 
present.  Coupled with mass ratios for PCC 6803, these predictions facilitated efficient 
delivery of nitrogen and phosphorus.  Daily biomass production rates and specific growth 
rates equal to 360 mg-DW/L/d (8.3 g/m2/d) and 1.0 d-1, respectively, were consistently 
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achieved at a relatively low incident LI (180 µE/m2/s).  Higher productivities (up to 550 
mg-DW/L/d) occurred under increased LI (725 µE/m2/s), although the onset of biofilm 
impeded modeled performance.      
Permeate did not cause any gradual growth inhibition.  Repeated results showed 
cultures rapidly entered a stressed state, which was followed by widespread cell lysis.  
This phenomenon occurred independently of permeate recycling and was not caused by 
nutrient starvation.  It may best be explained by negative allelopathic effects or viral 
infection as a result of mixed culture conditions.      
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CHAPTER 1 
INTRODUCTION 
 
Anthropogenic greenhouse gas emissions are the primary cause of increases in 
mean global surface temperatures and consequent changes to the global climate (IPCC, 
2013; NRC, 2010).  Humanity’s reliance on fossil fuels for energy is a key driving force 
behind this phenomenon.  Ancient stores of carbon, once sequestered by photosynthetic 
organisms, are being released through the combustion of fossil fuels at an alarming rate.  
Worldwide carbon dioxide emissions are projected to increase by 1.3 percent annually 
from 2010 – 2040 (EIA, 2013).  The rising level of carbon dioxide in the atmosphere is a 
challenge that must be addressed to reduce the social, economic, and environmental risks 
posed by the accumulation of this and other greenhouse gases. 
Reducing the buildup of greenhouse gases in the atmosphere requires that the 
energy sector transition towards carbon-neutral energy sources.  A multifaceted approach 
is needed, and among the promising candidates are photosynthetic microorganisms.  
Their capacity to produce different forms of bioenergy, as well as fundamental design 
considerations, have been investigated for several decades; an open pond system using 
waste streams to produce methane from anaerobically fermented algal biomass was 
described over fifty years ago (Oswald & Golueke, 1960).  Research aimed at obtaining 
hydrogen gas from cyanobacteria was reported not long after (Neil & Nicholas, 1976).  
More recently, photosynthetic microorganisms have been used to generate a multitude of 
other useful materials such as biodiesel, bioethanol, nutritional supplements, and 
cosmetic products (Mata et al., 2010; Parmar et al., 2011). 
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Mitigating climate change is paramount, and a renewable and economically viable 
source of liquid transportation fuels will aid this effort greatly, since carbon dioxide 
emissions from liquid fuels were responsible for 11 of the 31 billion metric tons released 
globally in 2010 (EIA, 2013).  Soybean, rapeseed, and palm oils currently serve as the 
primary sources of biodiesel (Demirbas, 2009).  However, oleaginous crops are incapable 
of meeting the huge demand for transportation fuel due to the amount of arable land area 
required.  In contrast, large-scale cultivation of certain species of microalgae and 
cyanobacteria is a more practicable enterprise.  Select photosynthetic microorganisms can 
attain much higher oil production rates and thereby dramatically reduce the land area 
needed to replace conventional transportation fuels (Chisti, 2007, 2008).  Furthermore, 
the land used need not be arable, making competition with food crops avoidable.  Carbon 
dioxide generated by industrial processes can serve as the carbon source needed for 
biomass growth, and the biomass remaining after oil extraction can be used to produce 
additional energy sources (Chisti, 2007; Griffiths & Harrison, 2009; Rodolfi et al., 2009; 
Sheehan et al., 1998). 
Cyanobacteria possess unique characteristics that potentially make them more 
suitable for commercial biodiesel production.  Many microalgae tend to accumulate lipids 
under stress-inducing conditions or in the stationary phase of growth (Hu et al., 2008).  
However, the source of lipids in cyanobacteria is typically their photosynthetic 
membranes which may increase the rate of production (Liu et al., 2011; Rittmann, 2008). 
While large-scale cultivation of certain photosynthetic microorganisms offers a 
source of many useful products, two of the major challenges that have to be overcome are 
maintaining high production rates and efficient biomass harvesting (Chen et al., 2011; 
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Christenson & Sims, 2011; Greenwell et al., 2009; Mata et al., 2010).  Photosynthetic 
bioreactors (PBRs) can achieve higher culture densities and production rates compared to 
open ponds mainly through contamination minimization, temperature and pH control, and 
light path length optimization.  However, their capital and operating costs are much 
higher than open ponds (Greenwell et al., 2009; Mata et al., 2010; Rawat et al., 2013).  
While less expensive, dilute cultures in open ponds require that large volumes be 
processed in order to harvest the biomass (Christenson & Sims, 2011).  Recovering 
biomass from the liquid growth medium contributes significant costs, accounting for up 
to 20 – 30% of the total cost of biomass production (Grima et al., 2003).  Therefore, 
higher culture density in PBRs confers the additional advantage of reducing the liquid 
volume that has to be processed which can drive down costs.   
Water and nutrient recovery from downstream processing can further increase 
economic viability while simultaneously reducing environmental impacts (Greenwell et 
al., 2010).  This can be achieved by linking the cultivation and harvesting apparatuses so 
that the liquid medium is reused for additional biomass production.  Centrifugation and 
filtration are among the leading harvesting techniques (Ahmad et al., 2014; Christenson 
& Sims, 2011; Greenwell et al., 2010; Rawat et al., 2013).  Centrifugation can achieve 
almost complete biomass recovery, but the energy requirements as well as capital and 
maintenance costs are typically higher than other harvesting methods (Ahmad et al., 
2014; Danquah et al., 2009).   
Microfiltration and ultrafiltration have been shown to be effective methods for 
continuously concentrating algal biomass without disrupting cellular structure.  
(Petrusevski et al., 1995; Rossignol et al., 1999).  While biomass concentration factors 
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may be lower than those of centrifugation, filtration methods require much less energy 
and are easier to integrate with the PBR (Ahmad et al., 2014; Christenson & Sims, 2011; 
Danquah et al., 2009).  Cross-flow membrane filters facilitate water reuse given that the 
flow of membrane permeate out of filter cassettes can be controlled during operation 
(Ahmad et al., 2014; Rawat et al., 2013).  The membrane retentate stream provides the 
harvested biomass as a liquid slurry, which can increase the efficiency of delivery to 
downstream processes as long as the slurry exhibits Newtonian behavior (Greenwell et 
al., 2010).  Together these features make cross-flow membrane filtration a promising 
candidate for harvesting biomass while recovering and reusing water and nutrients from 
photosynthetic microbial cultures grown in a PBR. 
At the time of writing, this author found one study in the literature that examined 
the cultivation of photosynthetic microorganisms using recycled harvest water.  Zhu et al. 
(2013) grew Chlorella zofingiensis in tubular bubble-column PBRs using pretreated 
piggery wastewater.  Cultures were grown in the pretreated water and then separated by 
centrifugation in order to obtain the harvest water.  A batch test featuring 100% harvest 
water and added nitrogen and phosphorus as the culture medium demonstrated growth 
consistent with that seen in the original pretreated wastewater.  However, the water was 
harvested and reused to prepare the full nutrient medium two additional times, and 
subsequent cultures demonstrated increasing growth inhibition.  The authors concluded 
that inhibition could have been the result of the accumulation of harmful metabolites, 
salinity stress, or inhibitory fungus or bacteria.  They state that satisfactory growth could 
be maintained when 100% harvest water is recycled no more than twice.   
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The primary goals of the research presented herein are: 
1. Integrate a microfiltration separator (MFS) with a bench-scale PBR, creating a 
PBR + MFS system. 
2. Continuously produce the cyanobacterium Synechocystis sp. PCC 6803 using 
membrane permeate that is repeatedly harvested from and recycled back to the 
reactor. 
3. Achieve consistent and high biomass production rates while reducing net water 
and nutrient inputs. 
4. Implement and evaluate a mathematical model that predicts biomass production 
based on the intensity of available light. 
This thesis contains four additional chapters.  Chapter 2 discusses the modeling 
technique used to predict biomass production.  This chapter also presents the mass 
balances used to estimate nutrient demands, quantify the fraction of recycled water in the 
PBR, and assess the average fluid retention time.  Chapter 3 describes a continuous-mode 
reactor experiment using the combined PBR + MFS system; it demonstrates successful 
operation for an extended period of time when nutrient requirements are satisfied.  
Chapter 4 evaluates that PBR + MFS system as a sequencing batch reactor (SBR), which 
offers enhanced control; daily biomass production is successfully predicted using the 
light-based model.  Chapter 5 discusses possible causes of the reactor failures seen during 
SBR experiments.  Finally, Chapter 6 presents overall conclusions and recommendations 
for future work.  
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CHAPTER 2 
MATHEMATICAL TOOLS FOR CHARACTERIZING THE PBR + MFS SYSTEM 
 
The PBR + MFS system possesses novel features requiring unique mathematical 
techniques to represent.  Kinetic modeling and mass balances are invaluable tools in this 
process.  The following sections present the approaches I used to model biomass growth 
and estimate the required mass flow rates of soluble nitrogen, phosphorus, and sulfur 
needed to satisfy biomass production.  This chapter concludes with the methods I 
developed for quantifying the fraction of permeate in the PBR and the hydraulic retention 
time (HRT) during sequencing batch reactor (SBR) operation.    
Modeling Growth Kinetics Based On Light Availability 
 
I used a substrate-inhibition model to represent the effects of light intensity (LI) 
during continuous operation and to predict biomass productivity during SBR 
experiments.  Aiba (1982) presented a Monod-style equation in which light intensity acts 
as a self-inhibitory “substrate” for microalgae.  This equation has been extended to assess 
the local specific growth rate (µ) of cyanobacteria (Franco-Lara et al., 2006): 
μ(LI) = μmax [
LI
KLI+LI+
LI2
KI
]   (2-1) 
µmax is the maximum specific growth rate (d
-1), LI is the local light intensity, KLI is the 
half-saturation LI, and KI is the inhibition LI.  Each of the LI parameters is expressed in 
units of either µE/m2/s or W/m2.  This equation assumes all other substrates or nutrients 
are not rate-limiting.   
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Assessing the average specific growth rate in the entire PBR requires knowledge 
of the average light intensity to which cells are exposed.  I adopted the method of Kim et 
al. (2010) for determining the average amount of light available inside the PBR.  At the 
core is the Beer-Lambert law (Cooper, 2011), which states that the light intensity within 
the culture decreases exponentially from its incident value (LI0) with the length of the 
light path (w) and biomass concentration (X).  The exponential contains the Beer-
Lambert constant, or the specific light absorption coefficient (ε).  This term has been 
reported as 0.255 ± 0.018 m3/g-m for Synechococcus sp. PCC 6301, and independent 
measurements verified a similar value for Synechocystis sp. PCC 6803 (Kim et al., 2010; 
Suh & Lee, 2003).  I computed the spatially averaged internal light intensity (LISA) by 
integrating the Beer-Lambert equation over the width of the PBR (d).  Mathematically, 
this is expressed as: 
LISA =
LI0 ∫ e
−εXwdw
d
0
d
=
LI0
εXd
[1 − e−εXd]              (2-2) 
 
The Beer-Lambert law assumes independent light absorption by the cells, does not 
account for separate light-scattering effects, assumes monochromatic and collimated 
light, and is valid only for relatively short light paths and low biomass concentrations 
(Cornet et al., 1995; Suh & Lee, 2003).  Previous researchers using wild-type 
Synechocystis successfully fit experimental growth-rate data to an inhibition model using 
this method of calculating average irradiance (Martínez et al., 2011).  For my purposes, 
the Beer-Lambert law was appropriate for estimating the local light intensity in the 
culture because of the simple geometry of the PBR (narrow with flat exposure surfaces), 
perpendicular orientation of the lighting, and continuous delivery of light.   
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I used Riemann sums to numerically compute the net biomass production rate in a 
batch reactor, which was based on the following differential equation: 
dX
dt
= μX                  (2-3) 
By selecting a small time step (Δt = 10-3 days) and assuming constant LI0, I approximated 
X over time for different initial conditions (X0) and LI0 values.  At each time step, I 
solved Equation 2-2 for LISA based on the current value of X (i.e., Xk).  Then, I 
substituted LISA into Equation 2-1 to obtain µn, which I used to update Xk to Xk+1: 
Xk+1 = Xk[1 + μn∆t]          (2-4) 
I then computed the average biomass production rate (BPR, mg/L/d) over k time steps: 
                        BPR =
Xk−X0
k∆t
= ∑ μnXn∆t
k
n=1                   (2-5) 
I evaluated Equation 2-5 by setting k = 1000.  The modeled performances of individual 
experiments are presented later.      
Estimating Nutrient Demand from Model Output (SBR Experiments) 
PCC 6803 grown under nutrient- and light-sufficient conditions has the following 
mass ratios normalized to dry weight:  12.5%N, 1.5%P, and 0.7%S (Kim et al., 2010).  
These ratios are hereafter represented generally as γn (Rittmann and McCarty, 2001).  I 
computed the required delivery rate of nitrogen, phosphorus, and sulfur (N, P, and S) by 
multiplying modeled BPR values by the working volume of the PBR (VT) and respective 
γn quantities.  I increased the resulting mass flow rates by 10% as a conservative measure. 
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Estimating Nutrient Demand from Select Production Rates (Continuous-Mode 
Experiment)  
 
During steady-state continuous-mode operation of the PBR + MFS system, I 
constructed a mass balance around the working volume of the PBR in order to calculate 
the mass flows of soluble N and P.  I used γn values to convert select BPRs to nutrient 
consumption rates, and once again I assumed 10% excess.  I completed the mass balance 
by accounting for the liquid flowing into and out of the PBR.  The influent mass flows 
consisted of the fresh nutrient medium (QMCM) and recycled permeate (QPCP), where Q 
is the volumetric flow rate (L/d), C is the soluble nutrient concentration (mg/L), and the 
subscripts M and P denote medium and permeate, respectively.  The effluent consisted of 
the total influent flow rate and the soluble concentration in the reactor (CR) at steady-
state.  Overall, this mass balance is given by the following equation:   
QMCM + QPCP = (QM + QP)CR + VT(BPR)γn         (2-6) 
 
In order to solve this equation for CM, I assumed that the reactor was well-mixed, 
making CR equal to CP.  The half-saturation constants (KS) for N and P for PCC 6803 
have been reported as 1.4 mg-N/L and 0.06 mg-P/L, respectively (Kim et al., 2011).  I 
solved this equation for CM (for both N and P) at select BPRs by assigning target CR 
concentrations equal to 10 mg-N/L and 2 mg-P/L to eliminate nutrient limitation.  
Recycled Water Fraction and True Hydraulic Retention Time in a SBR 
Operating the PBR as a SBR allowed me to precisely quantify the amount of 
recycled water in the system.  During each daily dilution, I removed a portion of the 
working volume (VR) and filtered it using the MFS to generate a volume of permeate 
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(VP).  I then combined VP with enough fresh medium to restore the reactor to a constant 
VT.  I calculated the fraction of the working volume that was composed of recycled water 
(FRW) by performing a mass balance on the recycled water. 
After the first dilution, FRW is simply the volume of permeate added (VP,1) divided 
by VT: 
FRW,1 =
VP,1
VT
                      (2-7) 
After subsequent dilutions, the value of FRW,n depends on FRW,(n-1).  The mass balance for 
the second dilution is expressed as:  
VTFRW,2 = VTFRW,1 − VR,2FRW,1 + VP,2     (2-8) 
Note that the volume of permeate returned to the system in the second dilution (VP,2) has 
FRW = 1.  The general form of this equation after n > 1 dilutions is: 
FRW,n = FRW,(n−1)(1 −
VR,n
VT
) +
VP,n
VT
            (2-9) 
While FRW provides information on the relative amount of permeate present in the 
system, it does not indicate how long fluid theoretically spent in the PBR.  To determine 
this, I developed an approach for estimating the true hydraulic retention time (θ’).  The 
conventional method of calculating HRT (i.e., θ = V/Q) does not consider effluent fluid 
as being recycled, and therefore no amount of the influent has spent time in the reactor.  
During SBR operation, I partitioned the working volume and diluent into fractions having 
different times spent in the system.  I calculated the average time fluid actually spent in 
the system by weighting these fractions with their respective times.  
The basic premise I used for calculating θ’ was that, after keeping the reactor in 
batch mode for n number of days prior to the first dilution, all the fluid inside was n days 
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old.  After this dilution and the subsequent day leading up to the second one, the fresh 
medium added the previous day was one day old and the permeate added (VP) and 
volume not removed from the reactor (VT - VR) was n+1 days old.  Therefore, after one 
day following each dilution (and leading up to the next one), the one-day-old fraction (τ1) 
consisted exclusively of the portion of the working volume made up of fresh medium 
added the previous day.  This is computed as: 
τ1
t=(n+z)
=
VR,z−VP,z
VT
      (2-10) 
z denotes the days since the end of batch mode (integers).  It is also used in the volume 
subscripts to indicate the amount added the previous day:  for example, 5 days after the 
end of batch mode (t=n+5) the fifth permeate volume is used.  Equation 2-10 is valid for 
all t > n.  At t = n + 1 days, the (n + 1)-day-old fraction is: 
τ(n+1)
t=(n+1)
=
VP,1+(VT−VR,1)
VT
          (2-11) 
The term on the left side of the numerator shows the volume of permeate added to the 
system while the one on the right is the volume that remained in the PBR during the first 
dilution.  θ’ at t = n+1 days is simply: 
θ′ t=(n+1) = (τ1
t=n+z) + (n + 1)(τ(n+1)
t=(n+1))           (2-12) 
The ensuing days must consider the fact that the fractions of the volume 
remaining in the reactor and the added permeate increase in age incrementally.  The 
general form I used for these computations is: 
τx
t=(n+z)
= [τx−y
t=(n+z−1)
] [
VP,z+(VT−VR,z)
VT
]   (2-13) 
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where x denotes the age (days) of the fraction.  This expression is only valid for t > n + 1 
and 1 < x ≤ n + z.  In addition, y = n when x = n + 1, and y = 1 for all other x.   The (x - 
y) and (n +  z - 1) scripts indicate that the fractions from the previous day are used to 
calculate the associated fractions on the following day;  for example, the 3-day-old 
fraction at 4 days is proportional to the 2-day-old fraction at 3 days.  θ’ for t > n + 1 is the 
sum of each τ value weighted by their respective ages (x): 
θ′ = τ1
t=n+z + ∑ xτx
t=(n+z)n+z
x=n+1                  (2-14) 
 
These computations are verified by ensuring that the sum of all τ for a given t is equal to 
unity.  This method assumes the system is completely mixed, VT is held constant, and 
dilutions occur one day apart once started.  An example set of calculations is provided in 
Appendix A. 
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CHAPTER 3 
CONTINUOUS OPERATION OF THE PBR + MFS SYSTEM 
 
Continuous production of Synechocystis sp. PCC 6803 and other photosynthetic 
microorganisms requires sufficient delivery of light, water, and key inorganic nutrients 
for growth, such as carbon, nitrogen, and phosphorus (Chisti, 2008; Kim et al., 2010; 
Markou et al., 2014; Molina Grima et al., 1999).  Previous work from Zhou et al. (2013) 
used the light-based model presented in Chapter 2 to predict the optimal light regime for 
PCC 6803.  They reported this as occurring at biomass concentrations ranging from 600 – 
900 mg-DW/L (as dry weight) and external light intensities of at least 500 µE/m2/s.  
Under these conditions and assuming that no nutrient was rate limiting, the model 
projected specific growth rates (µ) ranging from 0.6 – 0.9 d-1 and biomass production 
rates (BPRs) between 500 – 600 mg-DW/L/d (~11 – 13 g-DW/m2/d).  BPRs ranging 
from 430 – 530 mg-DW/L/d (~9.6 – 12 g-DW/m2/d) were achieved at steady-state during 
continuous operation.      
The uptake mechanisms of PCC 6803 require that inorganic carbon be present as 
aqueous carbon dioxide or bicarbonate (Shibata et al., 2002).  Therefore, pH-dependent 
carbon speciation in the aqueous phase controls inorganic carbon availability.  Nitrogen 
is the second largest component of biomass and critical to the formation of nucleic and 
amino acids as well as chlorophyll (Markou et al., 2014).  Phosphorus is frequently a 
rate-limiting nutrient, and an inadequate supply can drastically reduce lipid content and 
photosynthetic activity (Kim et al., 2010).     
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In this experiment, I operated the novel PBR + MFS system in continuous-mode 
in order to achieve high biomass productivity while simultaneously reducing net water 
and nutrient inputs and concentrating biomass.  I used the mass balance technique 
described in Chapter 2 to ensure nutrients delivered by the medium were in sufficient 
quantities.  The light-based kinetic model provided the basis for external light intensity 
(LI) adjustments.  I discuss my findings, identify limitations of the system, and propose 
how they can be overcome.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  15 
Materials and Methods 
Experimental Setup 
The PBR I used in each experiment (shown in Figure 3-1) was a vertically 
oriented rectangular tank that featured two flat polymethyl methacrylate plastic faces (60 
x 60 x 5 cm) and had a maximum working volume of 16 L (Kim et al., 2010).  Each face 
consisted of two individual panels spaced 1 cm apart.  Water delivered by a recirculating 
bath (Neslab RTE 7, Thermo Fisher Scientific, USA) filled this gap and maintained the 
temperature at 30°C for my experiments.  Eight white fluorescent light bulbs (ProLume, 
Germany) located on each side of the reactor provided the photosynthetically active 
radiation (PAR).  Compressed air tanks delivered a combination of air and CO2 at a total 
flow rate of 0.3 standard liters per minute (SLPM).  The gas was filtered using 
hydrophobic glass laminate filters with a pore size of 1 µm (Pall Corporation, USA) and 
sparged into the culture through a cylindrical gas-diffuser stone (EcoPlus, USA).  
Separate mass-flow controllers (Alicat Scientific, USA) regulated the gas proportions.  
Both the LI and gas flow were adjusted using computer software.  The PBR was 
equipped with a ventilation port at the top and a sampling port at mid-depth.  
I implemented cross-flow filtration to simultaneously concentrate biomass grown 
in the PBR while generating permeate to be recycled back to the PBR.  I used a Pellicon 
2 Durapore cassette filter module (Millipore, USA) to achieve this core objective.  The 
coarse screen (C screen) membrane was made of hydrophilic polyvinylidene fluoride 
(PVDF) material, had a pore size of 0.45 µm, and had an area of 0.5 m2.  The module was 
connected to a diaphragm pump with a 6-600 rpm capacity (Millipore, USA).  
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(a) 
 
(b) 
Figure 3-1.  Photograph (a) and flow schematic (b) of the PBR + MFS system during 
continuous operation.  
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Inoculum and Culture Medium 
I inoculated the PBR with Synechocystis sp. PCC 6803 that was transferred from 
petri plates to Erlenmeyer flasks approximately one week prior to reactor startup.  The 
flasks were exposed to five white fluorescent lamps and supplied with filtered room air 
using small air pumps (Top Fin, USA).  I used standard BG-11 growth medium for flask 
cultures (Rippka et al., 1979).  This medium contained (per liter): 1.5 g NaNO3, 40 mg 
K2HPO4∙3H2O, 75 mg MgSO4∙7H2O, 36 mg CaCl2∙2H2O, 6 mg citric acid, 6 mg ferric 
ammonium citrate, 1 mg EDTA (disodium salt), 20 mg Na2CO3, and 1 mL of trace metal 
mix.  The trace metal mix contained (per liter): 2.86 g H3BO3, 1.81 g MnCl2∙4H2O, 222 
mg Zn2SO4∙7H2O, 390 mg Na2MoO4∙2H2O, 79 mg CuSO4∙5H2O, and 49.4 mg 
Co(NO3)2∙6H2O.  I autoclaved the flasks and media prior to inoculation. 
Medium Modifications 
I supplemented the PBR startup medium with 10 mM of HCO3
- to augment the 
alkalinity and 1 mL of 10% silicone food grade antifoam (Trans-10A, Direct N-Pakt Inc., 
USA) per liter of medium to control foaming.  I did not autoclave the startup or feed 
medium so that biomass production could be gauged with a mixed-culture regime, which 
is realistic for long-term operation.  Previous research has found that BG-11 is relatively 
P deficient compared to other nutrients needed for growth of PCC 6803 (Kim et al., 
2010).  Therefore, I increased the initial concentration of phosphate five-fold in this 
experiment to ensure that P would not act as a rate-limiting substrate.  Once I began 
delivering permeate to the PBR, I made further adjustments to the concentration of 
phosphate and nitrate in the input medium so that neither was depleted nor in substantial 
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excess.  I used Equation 2-6 to calculate the required medium concentrations at select 
BPRs.     
Sampling and Analytical Methods 
I collected liquid samples from the PBR’s sampling port and stored them at 4°C.  
I measured optical density (OD) with a spectrophotometer (Shimadzu BioSpec-mini, 
Shimadzu Scientific Instruments, USA) at a wavelength of 730 nm and converted OD730 
to biomass DW using a calibration curve developed for PCC 6803 (Kim et al., 2010).  I 
diluted samples when the OD730 was greater than one.   
I determined the concentrations of soluble species following vacuum filtration 
through 0.45-µm membrane filters (Whatman, GE Healthcare Life Sciences, USA).  
Anions were measured using an ICS-3000 ion chromatography system (Dionex, USA).  
However, I was able to obtain more rapid results for dissolved phosphate and nitrate 
concentrations by using the Hach Test ‘N’ Tube and TNT Plus colorimeter kits 
(respectively) and a DR 3900 Benchtop Spectrophotometer (Hach, USA).  I also used 
Hach TNT Plus kits to determine total chemical oxygen demand (TCOD) and soluble 
chemical oxygen demand (SCOD).  Particulate chemical oxygen demand (PCOD) was 
the difference between TCOD and SCOD.  
 Total dissolved inorganic carbon (Ci) was measured with a TOC-VCSH analyzer 
(Shimadzu Scientific Instruments, USA) that used combustion catalytic oxidation/non-
dispersive infrared (NDIR) for detection.  I measured pH immediately after sample 
collection using a RossTM Ultra pH electrode (Orion 4 Star pH/ISE Benchtop, Thermo 
Fisher Scientific, USA).  I then computed the concentrations of all inorganic carbon 
  19 
species using carbonate species equilibrium relationships and the measured Ci and pH 
values (Snoeyink & Jenkins, 1980).     
I measured PAR as photosynthetically available photon flux density (µE/m2/s) 
with a LI-190 Quantum Sensor (LI-COR BioSciences, USA).  I converted the photon 
flux to W/m2 energy flux using a conversion factor of 4.6 µE/m2/s per W/m2 (McCree, 
1972).   
I computed the net specific growth rate (µ) between sampling events based on a 
mass balance around the PBR:   
dX
dt
= X(μ − D)             (3-1) 
X is the biomass concentration estimated from OD730 measurements (mg-DW/L), t is 
time (d), and D is the dilution rate over the time interval (d-1).  The dilution rate is equal 
to the volumetric flow rate (Q) divided by the PBR volume (VT).  During normal 
chemostat operation, D is the inverse of the HRT, which is the average amount of time 
incoming liquid spends in the system.  However, when membrane permeate is recycled to 
the reactor, the actual HRT increases over 1/D, and I must compute D independently of 
HRT.      
The integrated solution to Equation 3-1 is: 
μ =
ln( 
X2
X1
)
t2−t1
+ D              (3-2) 
The subscripts denote consecutive values in time.  I calculated the biomass production 
rate (BPR, mg/L/d) as: 
BPR =
X2−X1
t2−t1
+ D ∙ X̅          (3-3) 
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X̅ is the average of the two measured X values.  I added DX̅ because mass exited the PBR 
and often comprised the bulk of the BPR.  Using X̅ assumes a linear change in X over the 
time interval.  For non-steady state conditions, I found that the effluent biomass 
concentration usually was within 5% of the corresponding X̅ value, which validates my 
assumption.  Fluctuations in the working volume were minimal between successive 
sampling events (not exceeding an ~0.4% decrease), and I did not need to factor these 
changes into the computations.   
I used the measured working volume and corresponding light exposed surface 
area of the PBR in order to convert BPR values from volumetric units (mg/L/d) to areal 
ones (g/m2/d).  I took the ratio of these measured values to obtain the appropriate 
conversion factor (22.9 L of PBR working volume per m2 of light exposed surface area).  
The “working” specific surface area of the PBR is the inverse of this ratio, which is 
equivalent to 0.4 cm2/cm3.  Larger specific surface areas correspond to increased light 
exposure per unit volume, but also result in smaller areal productivity values when 
converting from volumetric ones.  
 For flat-plate PBRs, specific surface area is inversely proportional to the depth of 
the reactor, which is generally kept small due to rapid light attenuation over limited 
distances within the culture.  Using the aforementioned conversion method, areal 
productivity is directly proportional to volumetric productivity and the depth of the PBR.  
The depth of the PBR used in my experiments was ~5 cm.  If the BPRs achieved 
experimentally are maintained in field-scale PBRs, the areal production rates would 
increase in proportion to this depth.  For example, an areal BPR = 10 g-DW/m2/d in my 
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experiments would be equivalent to 30 g-DW/m2/d in a flat-plate PBR with a 15 cm 
depth.  Achieving the experimental production rates at greater depths will require 
increased LI0 to compensate for greater light attenuation, thereby maintaining the same 
LISA.  I used the light-based model to quantify the effects of culture depth on areal 
production.  The results are presented in the next chapter.     
The horizontal installation area of the reactor is often used to convert volumetric 
productivities to areal ones (Bagchi et al., 2010).  The light exposed surface area of the 
PBR (0.61 m2) exceeded the horizontal installation area (0.37 m2) by a factor of 1.65.  
Therefore, if installation area is used as the basis for conversions, all of the areal 
productivities presented herein are 1.65 times larger.  I chose to represent areal 
productivity based on specific surface area rather than installation area in order to make 
the values representative of an outdoor setting in which the PBR is oriented horizontally, 
and the light exposed area is equivalent to the installation area.   
Reactor Startup  
Prior to the experiment, I scrubbed the PBR thoroughly with a brush and soaked it 
for 24 hours in a 0.04% NaOCl solution.  I then rinsed it three times with deionized water 
before it filling it with 15 L of growth medium and 0.35 L of starter culture.  The initial 
CO2 supply came exclusively from the compressed air tank (CO2 tank provided 0% of 
total airflow), and the nominal LI0 indicated by the computer software was 150 µE/m
2/s 
(~33 W/m2).  I followed the flushing, cleaning, and sanitization procedures outlined by 
Millipore for the Pellicon 2 cassette filter (NaOCl as cleaning and sanitizing agent) prior 
to use.   
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Operational Scheme  
Table 3-1 shows the operating conditions over the course of the experiment.  I 
used the nominal LI0 values in Equation 2-2 to calculate LISA.  I then optimized LI0 
adjustments based on measured X values in conjunction with parameters fit to Equation 
2-1 by Kim et al. (2011):  µmax = 2.8 d
-1, KLI = 11 W/m
2 (~51 µE/m2/s), and KI = 39 W/m
2 
(~180 µE/m2/s).  Using these values, I determined that the maximum attainable µ = ~1.36 
d-1 would occur at LISA = ~21 W/m
2 (~97 µE/m2/s).  I manually adjusted the portion of 
total airflow as pure CO2 in an attempt to maintain the pH between 9 and 10.  Any 
changes I made to LI0 or the CO2 supply occurred during sampling events, which I 
performed about once a day.   
The nutrient medium was pumped into the PBR at mid-depth of the culture using 
Masterflex L/S peristaltic pumps (Cole-Parmer, USA).  Culture overflowed through a 
port located near the top of the PBR, the placement of which maintained the working 
volume at 14.5 L.  I verified the flow rate of the growth medium (QM) by measuring 
changes in the mass of the medium carboy over time using a scale accurate to 50 mg (PS-
103-75 Digital Shipping Scale, Measuretek Scale Co., Canada) and using the density of 
water (1 g/mL). 
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Table 3-1   
Operational Phases and Conditions During Continuous-Mode 
Operational 
Phase 
Time 
Period 
(d) 
LI0 
(µE/m2/s) 
[W/m2] 
CO2 in 
Total 
Airflow 
(%) 
Target 
D 
(d-1) 
Target BPR 
(mg-DW/L/d) 
NO3- in 
Feed 
Medium 
(mg-N/L) 
PO43- in 
Feed 
Medium 
(mg-P/L) 
I 0-12 50-530 
[10-115] 
0-2.5 0 N/A N/A N/A 
II 12-18 530 
[115] 
1.5-2 0.2 N/A 247 27 
III 18-28 400-530 
[85-115] 
1.5-2.6 0.34 N/A 247 27 
IV 28-38 400-530 
[85-115] 
2.6-3.1 0.34 400 209 34 
V 38-40 430-560 
[95-125] 
2-3.3 0.34 500 210 47 
 
During Phase I, I operated the PBR in batch mode and increased LI0 and the CO2 
supply in a step-wise manner.  In Phase II, I initiated continuous delivery of 5xP BG-11 
medium and selected a target D = 0.2 d-1.  In Phase III, I increased the target D to 0.34 d-1 
and began making adjustments to LI0 in order to maintain LISA close to the optimal value.   
On the final day of Phase III, I began collecting the overflow culture in a 2-L 
glass bottle.  The bottle (hold-up tank) facilitated continuous operation of the membrane 
cassette filter by providing it with a constant source of liquid separate from the working 
volume of the PBR.  At the start of Phase IV, the contents of the hold-up tank were 
pumped into the membrane cassette filter by the diaphragm pump, and membrane 
retentate flowed back to the hold-up tank.  QM and permeate flow (QP) were regulated by 
separate peristaltic pumps.  I measured QP prior to startup and assumed it was constant 
throughout the run.  Permeate was passed through an aquarium ultraviolet filter 
(Smartpond 9V UV Clarifier, GeoGlobal Partners LLC., USA) that provided a ~105-min 
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disinfection contact time prior to the liquid entering the PBR.  I employed the UV filter to 
minimize the potential introduction of viable protozoa; using light microscopy, Riccardo 
Reyes (laboratory of Dr. Robert Robertson, School of Life Sciences) detected protozoa in 
samples from my previous PBR experiments.  I collected permeate samples following 
UV exposure. 
  During Phase IV, I reduced QM and initiated QP so that the latter contributed 
~45% of the total influent.  I maintained the membrane influent flow rate at ~170 
mL/min, and no backpressure problems occurred over the 12-day period of continuous 
operation.  I used the dual-head pump that delivered QM to simultaneously remove 
biomass from the hold-up tank in order to maintain its volume at 1-L.  The biomass 
removed (in the retentate slurry) was collected in a 10-L carboy.  I emptied the carboy 
daily after measuring the OD and volume of the slurry.  The complete reactor setup 
during Phase IV is shown in Figure 3-1.  I solved Equation 2-6 to determine the 
concentration of nitrate and phosphate required in the nutrient medium to satisfy a target 
BPR = 400 mg-DW/L/d by substituting the established flow rates and target steady-state 
concentrations of N and P (10 mg-N/L and 2 mg-P/L).  
In Phase V, I increased the N and P in the medium to satisfy a BPR = 500 mg/L/d 
and further increased LI0.  However, I ended the run after 3 days due to the cessation of 
biomass production.  After cleaning the reactor, I measured LI0 at 25 locations on each 
side of the empty reactor using the PAR sensor.  I assigned each point a rectangular 
tributary area and then calculated the area-weighted average of LI0.  
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Results and Discussion 
Growth Dynamics and Nutrient Availability 
Figure 3-2 shows the values of X, BPR, µ, D, and soluble N, P, and S 
concentrations over the entire experiment.  During Phase I, X increased by ~2660 mg-
DW/L, and the BPR attained a maximum of ~550 mg-DW/L/d (~12.6 g-DW/m2/d).  The 
exponential growth phase had an unexpected halt between t = 11 – 12 d, which prompted 
me to begin Phase II.  The loss of net productivity was likely due the limitation of 
multiple nutrients.  In particular, the concentration of S fell to ~0.4 mg-S/L by t = 9 d, 
and that of P was less than 1 mg-P/L by t = 11 d.  On the final day of Phase II, I shut off 
the influent for ~24 hrs after a sharp decrease in X occurred between t = 16 – 17 d.  X 
then stabilized and I initiated Phase III, during which the PBR maintained steady state for 
~ 3 HRTs, or 10 days.  The BPR during Phase III was 334 ± 30 mg-DW/L/d (7.7 ± 0.7 g-
DW/m2/d).        
The beginning of Phase IV is shown by the dashed line in Figure 3-2.  During the 
initial onset of complete PBR + MFS operation (t = 28 – 34 d), the BPR decreased to 287 
± 20 mg-DW/L/d (6.6 ± 0.5 g-DW/m2/d).  By t = 34 d, a very thin biofilm was evident at 
one of the lower corners of the PBR.  I used small magnets on either side of the PBR face 
to remove it and thus increase the LI available throughout the culture.  Doing so led to a 
rapid increase in X and several days of stable growth; from t = 34 – 38 d, BPR = 407 ± 9 
mg-DW/L/d (9.3 ± 0.2 g-DW/m2/d).  Increased N and P loading during Phase V did not 
lead to higher BPRs.  Following t = 39 d, X began to decrease rapidly.  By the end of t = 
40 d, the culture was dark yellow in color and incapable of recovering. 
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Figure 3-2.  Biomass concentrations, production rates, specific growth rates, dilution 
rates, and soluble N, P, and S concentrations. 
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Inadequate mixing in the PBR allowed some of the influent to prematurely exit 
the reactor.  Figure 3-3 shows the soluble N, P, and S concentrations in the influent, 
reactor, and permeate during Phases IV and V.  After initiating PBR + MFS operation, N, 
P, and S in the reactor steadily declined, reaching minimum concentrations of 5.8, 4.3, 
and 0.1 mg/L, respectively.  Permeate concentrations followed a similar trend, but were 
generally higher than those in the reactor.  By t = 38 d, the nitrate concentration was five 
times higher in the permeate than the reactor.  Washout of the influent medium accounts 
for the higher concentrations in the permeate and the downward trend of nutrients in the 
system.  Further evidence of this is seen in the nitrite concentration trends.  Nitrite was 
produced in the system as a result of nitrate reduction during photosynthesis (Flores et al., 
2005).  The concentration of nitrite in the permeate is initially greater than, but similar to 
that in the reactor.  
Following t = 32 d, a spike in the reactor nitrite concentration occurred, and it 
remained higher than that of the permeate for a week before returning to a consistent 
value immediately prior to the system crash.  This trend is the reverse of the one observed 
for nutrients being fed to the system.  Being produced inside the PBR, nitrite was retained 
longer when a portion of the influent was washed out prior to being well mixed with the 
working volume.  
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Figure 3-3.  Soluble nitrate, nitrite, phosphate, and sulfate concentrations in the influent, 
reactor, and permeate during Phases IV and V. 
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Sulfate was almost completely depleted from the reactor by t = 36 d.  At no point 
did I augment the sulfate in the medium (9.8 mg-S/L); application of Equation 2-6 
indicates that the standard medium concentration should satisfy BPR = 480 mg-DW/L/d.  
Sulfate is added as MgSO4, and Mg and S are key elements for photosynthetic 
microorganisms (Markou et al., 2014).  It is likely that poor mixing caused inadequate 
retention of one or both of these nutrients, leading to growth limitation and the failure of 
the reactor.  In addition, the nitrite concentration in the reactor was greater than ~7 mg-
N/L for 7 days prior to the decline in X.  Many cyanobacteria, including PCC 6803, 
sequentially reduce nitrate to ammonium in two steps.  The first step is catalyzed by 
nitrate reductase and involves the two-electron reduction of nitrate to nitrite.  The second 
step requires six electrons to reduce nitrite to ammonium and is catalyzed by nitrite 
reductase.  These enzymes contain [4Fe – 4S] centers and use reduced ferredoxin as the 
electron donor (Flores et al., 2005).  The rise in nitrite in the PBR indicates that the 
second reduction reaction was impeded, which may have been the result of inadequate S 
and possibly Fe. 
 Making daily adjustments to the input CO2 was insufficient for maintaining the 
pH in the desired 9 - 10 range.  Figure 3-4 shows pH values and the portion of airflow 
delivered as pure CO2.  Ci data were not obtained for this run, but pH measurements 
exceeded pKa,2 = 10.3 at six data points during Phase I.  This indicates that CO3
2- was the 
dominant inorganic-carbon species, thus limiting the Ci available for growth.  Given the 
continuous supply of CO2 and that the pH did not exceed 10.54 in Phase I (minimum of 
36.5% of Ci as HCO3
-), it is unlikely the Ci available for growth fell below the reported 
KS value of 0.6 mg-C/L (Kim et al., 2011).  However, the pH fluctuated rapidly 
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throughout most of the experiment, reaching as high as 11.1 (only 13.7% of Ci as HCO3
-) 
during Phase III.  These fluctuations did not prevent the system from reaching steady 
state, but likely diminished overall biomass productivity.   
 
 
Figure 3-4.  pH and portion of influent air as pure CO2.  
 
Light Attenuation 
The area-weighted LI0 values calculated from PAR measurements taken at the 
end of the experiment were ~33% of the nominal settings.  Approximations of actual LI0 
and LISA values are shown in Figure 3-5.  Using the nominal LI settings indicated by the 
software for LISA calculations resulted in significant underestimates of these values 
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Figure 3-5.  Actual incident and spatially averaged internal light intensities.  
 
Application of the light-based model during Phase I showed that the observed 
growth was only ~22% of the projected growth over the initial 10.8 days.  When LISA 
was held relatively constant (t = 19 – 25 d), the model predicted µ = ~0.85 d-1, but the 
observed µ was ~0.33 d-1 during this time.  The extent of these disparities indicates that 
light was not the only limiting “substrate,” and that biofilm prevented light from fully 
penetrating the surface of the reactor, making the actual LISA even lower than values 
estimated from LI measurements.  
Soluble nutrients likely reached rate-limiting concentrations.  By the end of Phase 
I, nutrient data showed that N, P, and S fell to 11.4, 0.6, and 0.4 mg/L, respectively.  
Available Ci was also reduced as a result of high pH.  Together, these factors could have 
had a multiplicative reduction effect on growth.  Once fresh medium was delivered, 
nutrients were present at higher concentrations, and observed µ values were in closer 
agreement with modeled ones. 
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attachment to the biofilm surface, thereby reducing µ values calculated from the 
concentration of suspended biomass.  Removing the visible biofilm triggered a 41% 
increase in µ from t = 34 – 35 d (no other adjustment to the LI).  Assuming no nutrient 
limitation, the model correctly predicted the observed µ values during Phases III and IV 
when the input LISA values were reduced by ~80% from the actual values.   
I used the Beer-Lambert law to quantify the potential impacts of the biofilm.  
Assuming a steady-state biofilm with uniform density and thickness, I approximated the 
actual incident light (LI0’) that penetrates the biofilm as:     
LI0′ = LI0e
−εXfLf                    (3-4) 
Xf is the biofilm density, and Lf is the biofilm thickness.  Figure 3-6 is a plot of the 
theoretical fraction of incident LI (LI0’/LI0) available to suspended biomass as a function 
of biomass per unit surface area (Xf Lf).  Assuming LI0 is uniform across the exposure 
surface, its overall reduction cannot exceed the fraction of the total LI exposure surface 
covered by the biofilm.   
 
Figure 3-6.  Modeled impact of biofilm on actual incident light intensity. 
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Figure 3-6 shows that the 80% light reduction required to model the observed µ 
values would require a biofilm with an average Xf Lf ~0.63 mg/cm
2 distributed across the 
entire LI exposure surface.  In actuality, visible biofilm was present on at most ~30% of 
the LI exposure surface; LI0 would have been reduced by no more than 30%.  Therefore, 
the difference in modeled and measured µ values cannot be accounted for solely by a 
reduction in LI0.  The loss of measurable suspended biomass due to biofilm formation 
must have played a large role in reducing the reactor’s productivity.   
I incorporated a rate term for biofilm attachment into the model in order to 
approximate the combined effects of suspended biomass loss and LI0 reduction.  I 
modified the modeling approach described in Chapter 2 to account for D and suspended 
biomass lost due to attachment: 
Xk+1 = [Xk(1 + μn − D) −
rXfLfAb
VT
] ∆t                   (3-5) 
in which Δt = 10-3 d, r is the specific rate of biofilm attachment (d-1), and area (Ab) and 
volume (VT) terms are included to convert the biofilm from surface density to volumetric 
concentration.  The model assumes biofilm growth and detachment offset each other, and 
biofilm accumulates at a fixed rate due to attachment.  I computed X over the course of 
one day assuming biofilm was spread across 30% of the LI exposure surface, and I used 
the cumulative amount of biofilm to update LI0 to LI0’ at each time step.  The 
experimental conditions during which µ and LISA were relatively constant served as the 
initial conditions:  LI0 = 400 µE/m
2/s, X = 1 g-DW/L, and D = 0.33 d-1.  Figure 3-7, 
which presents the effects of biofilm on the initial modeled µ, shows the individual 
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contributions of suspended biomass loss from attachment, LI0 reduction, and the 
combined effects of both phenomena.   
 
Figure 3-7.  Effects of suspended biomass loss and increased light attenuation on 
modeled specific growth rate (assuming uniform biofilm attachment across 30% of LI-
exposed area). 
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modeled BPR.  These figures are for illustrative purposes only, since I did not measure 
the amount of suspended and biofilm biomass in the reactor at the conclusion of the 
experiment.  Nevertheless, the revised model shows that system performance was 
significantly reduced by the accumulation of biofilm, and the impact was primarily due to 
the loss of suspended biomass.   
MFS Performance   
The harvesting efficiency of the membrane was relatively high during Phase IV 
and decreased slightly during Phase V.  The biomass concentration factor achieved by the 
MFS was consistent over the 12-day continuous operation period.  These results are 
summarized in Table 3-2.  I calculated the biomass exiting the reactor by assuming X̅ 
over respective time intervals.  Efficiencies greater than or equal to 100% are not possible 
given that some biomass was retained by the membrane and holding-tank; therefore I 
omitted some values from the average calculation.  The error is due to periods in which 
the holding-tank volume decreased as a result backpressure in the reactor outflow, 
causing a disproportionate decrease in the effluent volume (QT∙Δt) relative to that of the 
slurry (VS).   
The peristaltic pump I used to restrict permeate flow maintained a near constant 
contribution to the total influent (~45%).  However, I kept the total dilution rate low to 
maintain a high biomass concentration in the PBR.  This required significant moderation 
of permeate flow; QP was ~1% of membrane influent flow rate.  Consequently, relatively 
low biomass concentration factors were achieved; the concentration of the slurry (XS) 
was ~1.8 times higher than the average daily X value in the PBR. 
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Table 3-2   
Summary of Membrane Performance During Phases IV and V  
Time 
Period 
(days) 
Biomass 
Removed from 
Reactor  
[?̅? ∙QT∙Δt]  
(g) 
Biomass 
Recovered in 
Slurry 
[XS∙VS] 
 (g) 
Harvest 
Efficiency  
{[XS∙VS]/ 
 [?̅? ∙QT∙Δt]}  
(%) 
Biomass 
Concentration 
Factor  
[XS/?̅?] 
28-29 5.3 5.3 100* 1.7 
29-30 4.9 5.1 106* 1.8 
30-31 4.2 4.0 96 1.7 
31-32 4.0 3.9 98 1.8 
32-33 4.2 4.4 104* 1.9 
33-34 4.2 4.6 110* 2.0 
34-35 5.2 5.5 105* 1.9 
35-36 4.7 5.0 105* 1.9 
36-37 5.3 4.9 93 1.7 
37-38 5.0 4.6 91 1.7 
38-39 5.1 4.4 86 1.6 
39-40 5.1 4.6 89 1.6 
Average 4.8 4.7 92.2 1.8 
* Value omitted from average 
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Conclusions 
The experiment demonstrated that the PBR can be operated continuously while 
simultaneously concentrating the effluent biomass and recycling the membrane permeate.  
Doing so reduced the volume of fresh medium required by ~45%.  The concentration of 
effluent biomass was on average almost doubled over 12 days of continuous membrane 
operation and a high recovery efficiency was maintained.  The extended batch-mode 
period showed that 5xP BG-11 could support a large change in biomass concentration 
(~2660 mg-DW/L).  The highest BPR was achieved in batch-mode (~550 mg-DW/L/d or 
~12.6 g-DW/m2/d), but values around 400 mg-DW/L/d (9.2 g-DW/m2/d) were sustained 
during the permeate recycle period.  The sustained values are lower than those previously 
achieved during continuous PBR operation (Zhou et al., 2013), but light limitation 
prevented better performance.   
Certain operational issues became apparent during and after this experiment.  The 
incident light intensity needed to be independently verified in advance in order to 
optimize it at variable biomass concentrations.  Furthermore, inadequate mixing in the 
system appears to have contributed to nutrient washout, thus nullifying the nutrient mass 
balance.  The holding-tank configuration caused short interruptions in reactor overflow, 
leading to quantification errors with regards to biomass recovery efficiency values.  
Overall, the depletion of nutrients appears to have been the primary cause of the system 
crash.  These problems can be partially resolved by operating the system as a sequencing 
batch reactor.  Doing so eliminates the possibility of nutrient washout and enhances 
control over the MFS; it is the subject of the next chapter.   
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 CHAPTER 4 
SEQUENCING BATCH REACTOR EXPERIMENTS USING THE PBR + MFS 
SYSTEM 
 
Several operational challenges emerged during the continuous-mode experiment 
described in Chapter 3.  Transitioning to sequencing batch reactor (SBR) operation 
provided a simple means of overcoming problems related to incomplete mixing and 
nutrient washout.  During SBR operation, I removed a fraction of the working volume of 
the PBR every ~24 hours and replaced it with different combinations of fresh medium 
and recycled membrane permeate.  This allowed me to evaluate the culture’s response to 
different proportions of recycled permeate.  I used the methods described in Chapter 2 to 
estimate daily biomass productivity and ensure the daily diluent contained sufficient 
nutrients.  The experiments presented in this chapter utilized the same materials and 
many of the same methods as described in Chapter 3; the following methods section is 
abridged to focus primarily on the new methods that were employed.   
This chapter presents the results from six SBR experiments.  The first four 
experiments (S1 – S4) were performed using a modest light intensity (LI), while the fifth 
(S5) used the highest LI attainable in the PBR.  The sixth experiment (Control) featured 
the same LI as S1 – S4, but no permeate recycle.  The light-based model predictions and 
comparisons with the experimental data are discussed. 
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Materials and Methods 
Predictions Using the Light-Based Model 
The light-based model (described in Chapter 2) shows that, when light is constant 
and the rate-limiting “substrate,” the biomass production rate (BPR) depends on the 
incident light intensity (LI0), the initial biomass concentration (X0), and the parameters fit 
to Equations 2-1 and 2-2.  For the SBR experiments, I used a set of parameters fit to 
experimental data by Levi Straka, who grew PCC 6803 in an identical PBR at increasing 
LI0 values.  His PBR was operated as a chemostat in order to maintain a relatively 
constant X.  LISA and µ were calculated using Equations 2-2 and 3-2, respectively.  The 
parameters fit to the experimental data were:  ɛ = 0.18 m3/g-m, µmax = 35 d-1, KLI = 1580 
µE/m2/s (343 W/m2), and KI = 23 µE/m
2/s (5 W/m2) (L. Straka, personal 
communication).  The µ vs LISA curve is shown in Figure 4-1.  These parameters predict 
a maximum attainable µ = 1.99 d-1 at LISA = ~190 µE/m
2/s (~41 W/m2).  
 
Figure 4-1.  Modeled net specific growth rate as a function of spatially averaged internal 
light intensity based on parameters estimated by Levi Straka.  The dot shows that the 
peak of the µ curve occurs with LISA = 190 µE/m
2/s. 
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BPR predictions at select X0 and LI0 values are shown in Figure 4-2.  The model 
assumes that cells are exposed to equal amounts of photons, no photoacclimation period 
is required, and endogenous decay is not included.  BPR values tend to increase with 
increasing X0 and LI0.  However, for a given X0, the maximum BPR is theoretically 
attained from an optimal LI0 which balances the effects of light-limitation and 
photoinhibition.  These relationships are approximately linear; for the units shown in 
Figure 4-2, the maximum BPR = ~4.40X0 at an optimal LI0 = ~4.08X0.  
 
Figure 4-2.  Biomass production rate estimates as a function of initial biomass 
concentration and incident light intensity.  
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2/s or ~40 W/m2) during the S1 – S4 and 
Control experiments in order to prevent the formation of biofilm, which has been shown 
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towards infinity.  In addition, the model predicts that, at this LI0, X will not exceed          
1 g-DW/L when X0 is kept below ~500 mg-DW/L.  This concentration range has been 
shown to maintain the linear relationship between log LI and X in the Beer-Lambert law 
(Radmer et al., 1987).  Operating the PBR at modest X values also made filtration of the 
culture rapid.   
In the S5 experiment, I increased LI0 to 725 µE/m
2/s (~158 W/m2), which 
corresponds to the maximum LI setting of the PBR.  At this LI0, the modeled BPR 
asymptotically approaches ~1750 mg/L/d as X0 increases towards infinity.   
I did not include an endogenous-decay coefficient (b) when modeling BPR values 
for my experiments.  Doing so would cause µ to become negative when LISA is extremely 
low or high, thereby reducing BPR values.  For example, µ = 0.1 d-1 when LISA = 1 or 
8000 µE/m2/s; setting b = 0.1 d-1 would cause the BPR values to decrease at LISA values 
outside this range (triggered by very high X for low LISA, or low X and very high LI0).   
I set b = 0.1 d-1 for the purpose of projecting the model to realistic field 
conditions.  The volumetric BPRs shown above are based on light penetrating a culture 
depth (d) of 5.1 cm in a rectangular PBR.  However, increasing d reduces LISA at all LI0 
and X0 values, and it simultaneously increases the volume of the PBR for a given surface 
area.  This could lead to a much higher areal productivity, as long as light penetrates deep 
enough into the PBR.  Examples of this trend are provided in Figure 4-3.  These contour 
plots show modeled areal BPR values as a function of X0 and d at LI0 = 1000 and 2000 
µE/m2/s (the National Renewable Energy Laboratory reports the average solar resource 
potential in the Phoenix metropolitan area as ~1250 µE/m2/s).  Increasing X0 and d 
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initially leads to higher BPRs.  However, BPRs eventually plateau then decrease when 
LI0 is insufficient (seen in the top plot).  This trend occurs because LISA gradually 
decreases to the point that µ approaches b.  For the domains presented, the maximum 
attainable BPR is ~45 g-DW/m2/d at LI0 = 1000 µE/m
2/s (X0 = ~700 mg-DW/L, d = ~13 
cm).  When LI0 is doubled, the maximum attainable BPR also doubles as long as the 
same range of LISA values is maintained over the course of the day (which occurs when 
X0 = ~1000 mg-DW/L and d = ~18.5 cm).  These trends illustrate that, during SBR 
operation, the BPR can be optimized by controlling LISA through the careful selection of 
X0 and d for a given LI0.  
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Figure 4-3.  Modeled areal biomass production rates as a function of incident light 
intensity, initial biomass concentration, and culture depth. 
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Satisfying Nutrient Demand Based on Model Results 
I used the modeled BPR values coupled with the mass ratios for PCC 6803 (as 
described in Chapter 2) to estimate daily N, P, and S requirements.  Ensuring these 
nutrients were non-limiting required modifications to the standard BG-11 growth 
medium, since their concentrations are disproportionate to the mass ratios (γn where n 
denotes N, P, or S).  I estimated the biomass yield (Yn) per liter of standard BG-11 by 
dividing its N, P, and S concentrations (Cn) by respective γn quantities: 
Yn =
Cn
γn
       (4-1) 
The results are summarized in Table 4-1, which shows that the concentration of P 
imposes a major limitation on biomass yields.   
Table 4-1 
Summary of Standard BG-11 and Projected Biomass Yields 
Nutrient 
(n) 
n 
(mg-n/mg-DW) 
Cn  
(mg-n/L) 
Yn 
(mg-DW/L-
medium) 
N 0.125 247 1980 
P 0.015 5.4 360 
S 0.007 9.8 1400 
 
To address this limitation, I computed the ratios between the biomass yields from 
each nutrient (Table 4-2).   I selected S to serve as the baseline for nutrient adjustments 
and made the relative abundances of N, P, and S equal by increasing the concentration of 
P and reducing that of N (4xP, 0.7xN).   
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Table 4-2 
Ratios Between Biomass Yields from N, P, and S Using Standard BG-11   
  Yn,1 / Yn,2 
 n,2→ N P S 
n,1↓ N 1 5.5 1.4 
 P 0.2 1 0.3 
 S 0.7 3.9 1 
 
The 0.7xN, 4xP BG-11 formulation (hereafter BG-11A) did not require 
significant alterations to the medium.  I reduced the projected biomass yield from BG-
11A by 10% as a conservative measure; for this medium I assumed Y = 0.9YS = 1260 
mg-DW/L.  
I used Y from BG-11A in conjunction with the modeled BPR values to determine 
the production rates that could be supported by the diluent.  Each modeled BPR value is a 
function of the initial biomass concentration (X0).  The biomass concentration in the PBR 
immediately prior to a dilution (XF) is given by:      
XF = X0 + BPR|X0(∆t)            (4-2) 
I modeled BPRs assuming a full 24 hour growth period, or Δt = 1 d.  I calculated the 
theoretical volume removed from the reactor (VR) during each dilution using a mass 
balance that assumes X0, BPR, and the total working volume (VT) are constant: 
VTXF − VRXF − VTX0 = 0 
VR = VT (1 −
X0
XF
)                (4-3) 
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VR is equivalent to the volume of the diluent, which is the sum of the fresh medium 
volume (VM) and permeate volume (VP).  I calculated the biomass production rates that 
would be supported by the nutrients in the diluent (BPR’) based on VR and the biomass 
yield from BG-11A (Y = 1260 mg-DW/L):  
BPR′ =
VR
VT∆t
Y             (4-4) 
Once again, Δt = 1 d.  This equation assumes the diluent is composed entirely of fresh 
medium (VR = VM, VP = 0).  For these calculations, I neglected the nutrients available in 
the permeate in order to preclude the possibility of their depletion.  I accomplished this 
by reducing BPR’ according to different fractions of permeate in the diluent.   
BPR0 =
VR
VT∆t
Y (
VR−VP
VR
)           (4-5) 
Figure 4-4 shows the model predictions for the BPRs (at LI0 = 180 µE/m
2/s) vs 
X0, and BPR
0 (evaluated at different VP) vs X0.  Points at which the BPR and BPR
0 
curves intersect represent the X0 threshold at which the diluent will support the 
subsequent day’s projected growth independent of the nutrient content of the permeate.   
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Figure 4-4.  Modeled biomass production rates and production rates capable of being 
supported by BG-11A at variable fractions in the diluent.    
 
During the initial SBR experiments (S1 and S2), I chose to test the culture’s 
response to overall permeate doses ≤ 50%.  Based on this criteria, I used Figure 4-4 to 
select a target X0 = 200 mg-DW/L, at which the modeled BPR = 360 mg-DW/L/d.  I 
made no adjustments to the other components of BG-11 (ferric ammonium citrate, 
Na2CO3, trace metals, etc.) during these two experiments, because the standard 
concentrations of these components satisfied ΔX = ~2660 mg-DW/L during batch mode 
of the continuous experiment.  Therefore, I assumed that adding them in amounts 
commensurate with VM was sufficient to satisfy daily growth.  Hach kits allowed me to 
monitor the concentration of P in the permeate during the experiments.  I used these 
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Following the S1 and S2 experiments, I adopted different nutrient loading 
strategies to incorporate higher permeate doses.  During the S3 experiment, Hach nitrate 
kits allowed me to account for the N contribution from the permeate.  Using the measured 
concentrations, I calculated the amount of additional N and P needed (if any) in the 
diluent in order to satisfy 1.5 times the projected daily requirements (74 mg-N/L/d and 
8.9 mg-P/L based on modeled BPR = 360 mg-DW/L/d).  Since I lacked a rapid means of 
measuring S, I added enough to the diluent to ensure the working volume contained 1.1 
times the projected daily requirement (3 mg-S/L).  I added the remaining BG-11 
components in amounts commensurate with 2 L of the medium.  I determined this 
amount by equating the ratio of biomass produced to BG-11 provided during batch mode 
of the continuous experiment to the modeled BPR and its associated volume of BG-11 
(2660 mg-DW/L /15 L-medium = 360 mg-DW/L / ‘n’ L-medium).    
I simplified nutrient additions during the S4 and Control experiments.  Generally I 
used 4xP BG-11 as the nutrient medium.  However, I added more P when the 
concentration in the permeate was insufficient to bring the total concentration in the 
reactor up to 1.5 times the projected daily requirement.   
Given the higher LI0 value, the S5 experiment required additional nutrients due to 
higher projected BPRs.  I selected an X0 = 600 mg-DW/L, at which the model projected 
BPR = 1490 mg-DW/L/d.  I initially provided enough N, P, and S in the diluent to satisfy 
this BPR, but I later reduced inputs due to lower observed growth.  In addition, I did not 
add any Fe to the diluent until growth was noticeably reduced.  I added all other BG-11 
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components in amounts commensurate with the volume of fresh medium in the daily 
diluent.     
Experimental Setup 
I modified the PBR system described in Chapter 3 by installing a compact digital 
mixer.  The mixer had a 30-mm diameter stainless steel axial blade, 187.5-mm impeller 
shaft, and a 50-2500 rpm motor (Cole-Parmer, USA).  I placed the mixer at one of the top 
corners of the reactor, set the air diffuser at the opposite bottom corner, and then 
performed a dye tracer test.  The total airflow rate of 0.3 SLPM, combined with a 500 
rpm motor setting, provided adequate fluid circulation, and these settings were used for 
each SBR experiment. 
Sampling and Analytical Methods 
Transitioning from continuous to SBR operation required minor adjustments to 
the sampling and analytical methods described in Chapter 3.  The second terms in 
Equations 3-2 and 3-3 were omitted from µ and BPR calculations, respectively, because 
D = 0 during the time intervals over which these equations were evaluated.  The daily 
dilution process took ~50 minutes, and I did not compute µ and BPR over these intervals.  
I calculated the amount of volume removed (VR) to reach the target X0 using Equation 4-
3 and setting XF equal to the actual biomass concentration in the PBR prior to performing 
the dilution.  I calculated the fraction of the working volume composed of recycled water 
(FRW) and true hydraulic retention time (θ’) using the methods described in Chapter 2, 
and I estimated the solids retention time (θx) with the following formula:  
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θx =
VTX̅
(
VR
t2−t1
)XF
             (4-6) 
I assumed an average biomass concentration (X̅) over the time interval between dilutions 
when making θx calculations.  The numerator represents the average biomass in the 
reactor each day, and the denominator represents the biomass removal rate.     
  I collected reactor samples immediately before and after each dilution and 
typically once between successive dilutions.  In addition to OD and pH, I analyzed Ci, 
TCOD, SCOD, and anions in samples that bracketed a dilution.  I also collected permeate 
for anion analysis and slurry samples for OD and TCOD measurements.  
Reactor Startup  
I cleaned the PBR and membrane prior to inoculation as described in Chapter 3. 
During S1 – S4 and the Control experiment, LI0 was fixed at the weighted-average 
intensity of 180 µE/m2/s (~40 W/m2), and the input CO2 was 1% of the total 0.3 SLPM of 
airflow.  The startup medium in the S1 – S3 experiments was 13 L of BG-11A 
supplemented with 10 mmol HCO3
- and 1 mL of antifoam.  In the S4 and Control 
experiment, I used 12.5 L of 4xP BG-11 with 10 mmol HCO3
-.  In each case, I added 
enough culture to reach a working volume of 14 L.  
In the S5 experiment, LI0 = 725 µE/m
2/s (~158 W/m2).  I inoculated the reactor 
with 200 mL of culture that had reached steady state in a small-scale PBR exposed to LI0 
= 1000 µE/m2/s.  I modified the startup medium by making BG-11 with 1.3xN, 7.2xP, 
1.8xS, and 10 mmol HCO3
-.  I chose these concentrations to provide double the amount 
of N, P, and S needed to achieve the target X prior to the first dilution (1200 mg-DW/L).    
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Operational Scheme 
Each SBR experiment began in batch mode, and I gradually increased the amount 
of CO2 to maintain pH ~9.  At the end of batch mode, I performed dilutions once per day 
using the following protocol: 
1. I first measured OD730 and calculated VR (Equation 4-3).  I lowered VR to account 
for sample withdrawals and then calculated VM and VP.   
2. I drained the culture from the bottom of the PBR into a 2-L graduated cylinder to 
obtain the precise measurement of the volume removed. 
3. I poured the removed culture into a 10-L carboy and connected the membrane 
influent and retentate lines.  I connected the permeate line to a separate 10-L 
carboy.   
4. I cycled the biomass through the membrane filter for ~40 min at an influent flow 
rate set between 5 and 8.5 L/min.  Once finished, I flushed the membrane forward 
and backward with ~100 mL of permeate to remove biomass deposited inside.   
5. I collected a permeate sample after the initial ~5 min of cycling.  I used Hach Test 
‘N’ Tube colorimeter kits to measure soluble P in the permeate.  In the S3 – S5 
experiments, I also measured soluble N in the permeate using Hach TNT Plus 
colorimeter kits.  
6. I prepared the fresh medium, combined it with the appropriate amount of 
permeate, and then poured the diluent into the reactor.    
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7. I then collected samples from the reactor and the retentate (or slurry).  I measured 
the total volume and OD730 of the retentate before disposing of it in compliance 
with ASU Environmental Health and Safety standards. 
8. I rinsed the membrane with ~30 L of deionized water (per the manufacturer’s 
recommendations).  With the exception of the S5 experiment, I did not carry out 
the cleaning and sanitization procedures for the membrane while experiments 
were ongoing.   
 
In the S1, S2, and S5 experiments, I increased the proportion of diluent added as 
permeate (VP/VR) over time, while in S3 and S4 it remained fixed.  I recycled no 
permeate during the Control experiment.  Table 4-3 summarizes VP/VR values and the 
number of cycles that were completed at each fraction.  It also provides information 
regarding the nutrient concentrations in the medium fraction.  
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Table 4-3 
Summary of Dilutions and Medium Nutrient Content for SBR Experiments 
 
Experiment VP/VR             
 
(number 
of cycles) 
Nitrate in 
Medium 
(mg-N/L) 
Phosphate in 
Medium 
(mg-P/L) 
Sulfate in 
Medium 
(mg-S/L) 
Concentration 
of other BG-11 
Components in 
Medium 
S1 0.2 (4) 
0.3 (3) 
 
185 
Commensurate 
w/ diluent total 
= 21.6 
 
9.8 
 
Standard 
S2 0.4 (3) 
0.5 (3) 
0.6 (2) 
 
185 
Commensurate 
w/ diluent total 
= 21.6 
 
9.8 
 
Standard 
S3  
0.8 (4) 
Commensurate 
w/ reactor total 
= 74.3 
Commensurate 
w/ reactor total 
= 8.9 
Commensurate 
w/ min reactor 
total = 3.1 
Commensurate 
w/ 2L of 
Standard 
S4  
0.8 (4) 
 
247 
Commensurate 
w/ min reactor 
total = 8.9 
 
9.8 
 
Standard 
S5 0.5 (1) 
0.6 (1) 
0.8 (3) 
Commensurate 
w/ min reactor 
total = 93 
Commensurate 
w/ min reactor 
total = 12 
Min = 15  No Fe in 1st two 
dilutions, 
otherwise 
Standard 
Control  
0 (4) 
 
247 
Commensurate 
w/ min reactor 
total = 8.9 
 
9.8 
 
Standard 
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Results and Discussion 
Growth Dynamics and Nutrient Availability (S1, S2, and Control Experiments) 
The key operational difference between the S1 and S2 experiments was the 
amount of recycled permeate, which was 24% and 45% of the total diluent, respectively.  
The Control experiment featured no recycled permeate.  Each experiment exhibited 
similar growth trends.  The days of stable performance following batch mode, daily 
biomass production, and specific growth rates are summarized in Table 4-4.  Also shown 
are the ranges of FRW values.  Gradually increasing FRW during and between S1 and S2 
had no discernable effect on growth, whereas growth was lower and less stable when no 
permeate was recycled.   
Table 4-4 
Growth Data and Recycled Water Fraction During Stable Performance Period (S1, S2, 
and Control Experiments) 
Experiment Days of 
Stable 
Performance 
Following 
Batch Mode 
BPR 
(mg-DW/L/d) 
[g/m2/d] 
µ 
(d-1) 
FRW  
(%) 
S1 5 360 ± 30 
[8.3 ± 0.7] 
1.04 ± 0.06 ~9  26 
S2 6 350 ± 10 
[8.0 ± 0.2] 
1.00 ± 0.03 ~25  58  
Control 3 340 ± 10 
[7.7 ± 0.2] 
0.94 ± 0.02 0 
 
The cultures of each experiment entered a rapid state of decline following the 
periods of stable performance.  Figure 4-5 shows the similarities between S1 and S2 over 
time in terms of X and BPR, and the differences in terms of FRW.  In the case of the S1 
  55 
experiment, the culture appeared on track for another day of consistent performance 
following the sixth dilution (t = 7.25 d).  However, in the subsequent 6-hour period, the 
BPR and µ decreased significantly; their values over the course of day 7 were 234 
mg/L/d and 0.77 d-1, respectively.  During the seventh dilution (t = 8 d), I observed a very 
small amount of biofilm in the reactor, and the permeate changed from being virtually 
colorless to dark yellow.  By t = 8.5 d, the culture transitioned from being a normal green 
shade to completely yellow, leading me to end the experiment.  The S2 experiment 
underwent a virtually identical transition following its seventh dilution.  Virtually no 
growth occurred in the Control experiment following its fourth dilution.   
 
 
Figure 4-5. Biomass concentrations, production rates, and recycled water fractions (S1 
and S2 experiments). 
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Figure 4-6 shows the values of µ, θ’, and θx during S1 and S2.  In S1, the values 
of θx and θ’ were generally maintained at ~1 d and ~2 d, respectively.  In S2, θ’ steadily 
increased from 2 to 3.2 days as a result of the larger permeate fraction in the diluent.  The 
θx values indicate that volume withdrawals effectively removed the average amount of 
biomass in the PBR each day.  Comparing θx to θ’ values shows that recycling permeate 
effectively retained fluid in the reactor 2 – 3 times longer than active biomass.  θ’ was 
~1.5 times higher than θx during the Control experiment. 
 
Figure 4-6.  Specific growth rates, true hydraulic and solid retention times (S1 and S2 
experiments). 
 
TCOD, SCOD, pH, and Ci data showed similar trends in each experiment.  Figure 
4-7 shows these data obtained from the S1 experiment.  Also included are the computed 
HCO3
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SCOD/TCOD, and the change in SCOD per average unit of PCOD.  
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Figure 4-7.  Total dissolved inorganic carbon, pH, calculated bicarbonate concentrations, 
and influent air as pure CO2 (top); TCOD, SCOD, and PCOD (middle); change in SCOD 
per average unit PCOD and SCOD/TCOD (bottom) (S1 experiment). 
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The Ci concentration was maintained in excess throughout each experiment 
(minimum of 40 mg-C/L), and the pH was generally ~8.5 – 9.5.  The pH range ensured 
HCO3
- was the dominant carbonate species, thereby ensuring Ci availability.  Throughout 
S1 and the first three dilutions of S2, the majority of the diluent was BG-11A, which 
contained very little Ci.  This caused proportionate decreases in Ci during dilutions.  
However, Ci accumulated over the course of each day, as seen in Figure 4-7, as a result of 
the continuous CO2 supply.  The steady and consistent Ci increases show that it was 
provided in excess of growth demand.   
  The abrupt rise in SCOD prior to reactor failure in each experiment suggests that 
the culture was extremely stressed prior to the final dilution cycle.  During S1, the 
ΔSCOD/average PCOD values show that a consistent trend occurred over each dilution 
cycle.  SCOD decreased over the sampling intervals that immediately following dilutions; 
thus, the ΔSCOD/average PCOD was negative.  This suggests that heterotrophic bacteria 
were consuming SCOD faster than PCC 6803 produced it.  However, SCOD accumulated 
during the latter part of dilution cycles, so the rate of consumption did not keep pace with 
the rate of production.  This was most likely due to PCC 6803 growing at a faster rate.  
However, ΔSCOD/average PCOD peaked during the interval prior to the final dilution 
cycle.  Growth was slower over this interval, indicating that the PCC 6803 culture was 
stressed and producing more SCOD per individual cell.   
S2 had little change in SCOD, and ΔSCOD/average PCOD was close to zero 
throughout most of the dilution cycles.  However, during the final two dilution cycles, 
ΔSCOD/average PCOD rose from 1.4% to 13%.  In the 12 hours following the final 
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dilution, it climbed to 67%, suggesting that widespread cell lysis had occurred.  Overall, 
PCOD values agreed with X values inferred from OD730 measurements (Figure 4-8), 
which illustrates the consistency of both measurements.    
 
Figure 4-8.  Linear relationship between particulate COD and biomass concentrations 
inferred from OD730 measurements (S1 – S5 experiments). 
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permeate) at the end of each day was relatively constant and provided an abundant source 
of recycled N.  The net amount of N supplied during S1 was only ~57% of what would 
have been provided using normal BG-11.  S2 featured a gradual depletion in N, because 
the final two diluent batches were composed of 60% permeate, which exceeded the 
threshold at which the BG-11A fraction would support the projected growth.  
Nevertheless, the overall permeate portion was maintained below the design threshold of 
50%, and net N input was ~38% compared to using normal BG-11.   
 
 
 
Figure 4-9.  Nitrate concentration (S1) and phosphate concentration (S2) in reactor and 
permeate. 
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By actively monitoring the concentration of P in the permeate, I ensured that the 
same initial P concentration (~16 mg-P/L) was present in the reactor following each 
dilution.  In addition, the concentration of S was kept in excess and varied by only a few 
mg/L during each experiment.  Overall, the nutrient data show that the failure of the 
reactors occurred independently of Ci, N, P, and S availability.   
Growth Dynamics and Nutrient Availability (S3 and S4 Experiments) 
In the S3 and S4 experiments I used the maximum practical amount of permeate 
in the daily diluent (80%); using a higher fraction required significantly more time and 
pumping and increased the likelihood of membrane fouling.  This resulted in higher FRW 
ranges than S1 and S2.  The same growth trends were maintained during their stable 
performance periods, as shown in Table 4-5.  However, these stability periods were 
reduced in S3 and S4, after which both experiments exhibited the same failure 
phenomena seen previously.   
Table 4-5  
Growth Data and Recycled Water Fraction During Stable Performance Period (S3 and 
S4 Experiments) 
Experiment Days of 
Stable 
Performance 
Following 
Batch Mode 
BPR 
(mg-DW/L/d) 
[g/m2/d] 
µ 
(d-1) 
FRW 
 (%) 
S3 2 360 ± 13 
[8.2 ± 0.3] 
1.00 ± 0.02 ~54  71 
S4 2 390 ± 30 
[8.9 ± 0.7] 
1.06 ± 0.04 ~47  68  
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During S3 and S4, fluid was retained in the reactor for longer than in S1 and S2; 
θ’ was 1.2 – 1.9 times higher at the time of the final dilution.  θx did not change 
appreciably between experiments (~1 d).  However, θ’ did not correlate to a decline in 
system performance, because θ’ was ~1.6 d in the Control experiment at the onset of 
culture decline, compared to 2.1 – 3.9 d in the other experiments.   
Figure 4-10 shows the similarities in X and FRW over time.  The total length of the 
S4 experiment was ~0.9 d less than S3 due to a reduced batch mode, but performance 
issues occurred after the same number of cycles.   
 
Figure 4-10.  Biomass concentrations and recycled water fractions (S3 and S4 
experiments). 
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methods maintained the concentrations of N, P, and S in excess.  Ci was also kept in 
excess and the pH generally stayed in the same ~8.5 – 9.5 range as before.   
Figure 4-11 shows the values of TCOD, SCOD, and PCOD during S3 and S4.  In 
each experiment, ΔSCOD/average PCOD values were close to zero during the stable 
performance period (first two dilution cycles), then increased to ~15% the following day.  
As in S1 and S2, this suggests that the amount of SCOD produced per cell increased in 
response to some stressor.  In S4, ΔSCOD/average PCOD climbed to 46% only 9 hours 
after the final dilution (similar to S2).  Once again, this indicates the disruption of cellular 
structure.   
 
Figure 4-11.  TCOD, SCOD, and PCOD (S3 and S4 experiments).  
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Model Results (S1 – S4 Experiments) 
The light-based model accurately predicted X over time throughout the stable 
performance periods.  This validated the nutrient-addition strategy I used to ensure that 
N, P, and S were maintained in excess.  Careful monitoring of CO2 delivery also 
maintained Ci at high concentrations, thereby satisfying the single “substrate” assumption 
of the model.  I did not observe any biofilm formation inside the reactor except during 
S1, which did not occur until t = 8 d; light delivery was not impeded and suspended 
growth was not reduced by biofilm.        
I projected X values over time by substituting measured X0 values into the model.  
Figure 4-12 presents these projected X values along with the measured X values during 
S1.  Modeled growth exceeded observed growth during batch mode of each experiment, 
which was likely due to the occurrence of a lag phase after transferring the flask culture 
to the PBR.  In general, however, the model results agree with observed biomass 
concentration profiles up until the cultures entered a state of decline.     
 
Figure 4-12.  Measured and modeled biomass concentrations during SBR operation (S1 
experiment). 
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Figure 4-13 shows a side-by-side comparison between measured X values during 
steady performance in S1 – S4 and the X values modeled at matching time points under 
respective X0 conditions.  The high R squared value reflects the overall accuracy of the 
model.     
 
Figure 4-13.  Comparison of measured biomass concentrations with modeled values 
calculated at matching initial conditions and time points (S1 – S4 experiments). 
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Figure 4-14.  Measured specific growth rates versus spatially averaged internal light 
intensities (symbols, S1 – S4 experiments) and model specific growth rate (line).  
 
As mentioned previously, the parameters used to generate the model curve were 
estimated from chemostat operation.  Perhaps the small discrepancies between measured 
and modeled µ values in Figure 4-14 are due to the unique light conditions imposed by 
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Growth Dynamics and Nutrient Availability (S5 Experiment) 
Experimental results from S5 are shown Figure 4-15, which shows the biomass 
concentration and growth data, as well as the values of FRW, θ’, and θ x.  The LI0 setting 
was four times greater than in S1 – S4, and the modeled BPR also was four times higher 
(1480 mg-DW/L/d).  However, the actual BPR during the stable performance period was 
only ~1.2 times larger than before (440 ± 25 mg-DW/L/d or 10.1 ± 0.6 g/m2/d).   
 
 
Figure 4-15.  Biomass concentration, production rates, specific growth rates, recycled 
water fraction, and retention profiles (S5 experiment). 
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Starting with a small volume (200 mL) of culture led to an extended batch mode, 
which resulted in higher θ’ values than seen previously; θ’ reached 9.9 days, which was 
5.3 times greater than the respective θ x value.  Permeate made up ~69% of the total 
diluent, which is more than S1 – S2, but less than S3 – S4.  I increased the permeate 
fraction in the diluent to the maximum practical amount more gradually, as reflected by 
the larger FRW range (~26 – 73%).  S5 experienced more days of stable performance 
following batch mode (5) than S3, S4, or the Control experiments.  TCOD, SCOD, and 
PCOD data from this period are shown in Figure 4-16.  SCOD/TCOD was consistent (2.0 
± 0.3%) as was ΔSCOD/average PCOD (0.30 ± 0.08%).  There was no indication of 
stress as reflected by a disproportionate rise in SCOD.  However, I ended the experiment 
once a large amount of biofilm became evident.   
 
Figure 4-16.  TCOD, SCOD, and PCOD (S5 experiment).  
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during the first two dilutions.  Imposing this limitation showed that ΔX = ~2 g-DW/L can 
be achieved using ~60% of the normal BG-11 FAC content (based on the amount of 
original and recycled media present after two dilutions).  This demonstrates an additional 
opportunity to modify the BG-11 medium to meet the design needs of the PBR + MFS 
system.  In addition, excess Fe may have played a role in the system failures, which will 
be discussed in the next chapter.     
Biofilm-Adjusted Model (S5 Experiment) 
The actual BPR values during S5 were only ~30% of the modeled value.  The 
discrepancy between modeled growth and observed growth is attributable to the presence 
of biofilm, which was largely submerged and unnoticed until near the end of the 
experiment.  Using a starter culture acclimated to a higher LI0 condition did not prevent 
biofilm formation.   
The model accurately predicts growth during the stable performance period when 
the actual LI0 setting is reduced by ~74%.  Based on the biofilm modeling approach 
described in Chapter 3, such a reduction would require a biofilm with an average Xf Lf = 
~0.53 mg/cm2 distributed across the entire LI exposure surface (equivalent to ~20% of 
the suspended biomass in the PBR at the end of dilution cycles).  However, as was the 
case in the continuous-mode experiment, the biofilm did not cover enough of the LI 
exposure surface to cause more than ~30% reduction in LI0.  This indicates that the 
overall reduction in growth was predominately caused by the loss of suspended biomass. 
I used the same biofilm-adjusted model from Chapter 3 (neglecting the D term in 
Equation 3-5) to estimate how much biofilm would need to accumulate on the exposure 
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surface in order to represent the actual suspended growth.  I assumed biofilm began 
attaching at a constant rate during the first dilution cycle, and used measured X values as 
the initial condition for each dilution cycle.  The measured X value at the end of the first 
dilution cycle served as the boundary condition for fitting values to the attachment rate 
and biofilm coverage area.  Figure 4-17 shows the measured and modeled suspended 
biomass over time.  The original model predicted that suspended biomass would increase 
by an additional ~1 g/L during each dilution cycle.    
 
Figure 4-17.  Measured and modeled biomass concentrations during dilution cycles 
assuming constant biofilm attachment rate (S5 experiment). 
 
The biofilm-adjusted model was fit using a ~4 mg/cm2-d attachment rate 
distributed across ~32% of the light exposure surface (which is comparable to the 
observed coverage).  The amount of biomass in the biofilm is ~50% of that in the 
suspension by the end of the first cycle, and eventually increases to ~290% of the peak 
suspended concentration.  LI0’ = 0.68 LI0 by the end of the first day, which reduces the 
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BPR by ~40% over the ensuing days.  The attached biomass culminates in a total of 19.7 
mg/cm2 or ~40 g, which is ~60% of the suspended BPR deficit.  I did not measure the 
amount of attached biomass in the reactor, but it was likely less than this amount.  
Therefore, greater light attenuation as a result of high operating biomass concentrations 
or biofilm density may have also played a role.  This phenomenon would effectively 
increase the Beer-Lambert constant in the biofilm-adjusted model, allowing for greater 
reductions in LI and less biomass in the biofilm.  Additional research is needed to better 
weigh the impact of each mechanism on overall suspended growth.  The current 
modeling approach suggests that biofilm was the primary cause of reduced productivity, 
as was the case in the continuous-mode experiment.    
Performance Summary 
Table 4-6 provides an overall comparison of the SBR experiments.  It includes 
data associated with the harvested biomass.  The harvest efficiency was generally 
maintained above 90%.  Concentration factors were higher than those in the continuous-
mode experiment, since permeate flow out of the membrane was not regulated by a 
pump.  The values are larger for some experiments because of the additional permeate 
required for dilutions.  During S5, I concentrated 6.5 L of ~1 g-DW/L by a factor of 7.6, 
which was the largest value attained with a harvest efficiency greater than 90%.  Using 
higher influent flow rates can potentially reduce biomass deposition, which will increase 
the harvesting efficiency at higher concentration factors.  However, this will require 
greater energy inputs.  Further research is needed to inform a cost-benefit analysis.  
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SBR operation demonstrated greater overall productivity than continuous 
operation.  The continuous-mode experiment featured higher LI than S1 – S4, and the 
average amount of biomass actually harvested (post-filtration) during the recycle phase 
was 4.7 ± 0.3 g-DW/d, equivalent to 320 mg-DW/L/d.  Even at lower LI, the harvest rate 
increased during S3 and S4 (5.0 ± 0.3 g-DW/d or 360 mg-DW/L/d) and was comparable 
during S2.  However, productivity was lower at the low harvesting efficiency seen during 
S1 (4.0 ± 1 g/d or 250 mg-DW/L/d).  Using the highest LI available during S5 led to the 
best overall production rates (6.2 ± 0.8 g-DW/d or 440 mg-DW/L/d).     
The growth across the S1 – S4 and Control experiments was consistent with 
modeled values.  Higher BPRs were achieved when LI0 was increased during S5, but 
biofilm formed under the high LI conditions. This prevented the system from attaining 
modeled productivity.  The duration of stable performance was not linked to the overall 
amount of permeate returned to the system, but stability was seemingly compromised 
when every dilution consisted of 80% permeate.  In addition, performance was relatively 
unstable when no permeate was recycled.  This suggests that the stress state which 
preceded reactor failures was triggered by one or more additional factors.  Some possible 
factors are explored in Chapter 5.  
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Table 4-6 
Summary of SBR Experiments  
Experiment Permeate 
Fraction 
of Total 
Diluent 
(%) 
Days of 
Stable 
Performance 
Following 
Batch Mode 
Daily BPR  
(mg-DW/L-d) 
 
[g/m2/d] 
Daily 
µ  
(d-1) 
Membrane 
Concentration 
Factor 
Membrane 
Harvest 
Efficiency 
(%) 
S1 24 5 360 ± 30 
 
[8.3 ± 0.7] 
1.04 ± 
0.06 
3.0 ± 0.9 84 ± 4 
S2 45 6 350 ± 10 
 
[8.0 ± 0.3] 
1.00 ± 
0.03 
3.1 ± 0.5 92 ± 3 
S3 80 2 360 ± 10 
 
[8.2 ± 0.3] 
1.00 ± 
0.02 
5.7 ± 0.5 94 ± 3 
S4 80 2 390 ± 30 
 
[8.9 ± 0.7] 
1.06 ± 
0.04 
5.0 ± 0.5 93 ± 3 
S5 69 5 
(minimum) 
440 ± 20 
 
[10.1 ± 0.6] 
0.53 ± 
0.02 
6.8 ± 0.7 91 ± 5 
Control 0 3 340 ± 10 
 
[7.7 ± 0.2] 
0.94 ± 
0.02 
N/A N/A 
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Conclusions 
The work presented in this chapter demonstrates that operating the PBR + MFS 
system as an SBR conferred several benefits over continuous-mode operation.  Applying 
the light-based model to SBR operation showed that it can accurately predict biomass 
concentrations over time and daily production rates, as long as the biomass is suspended.  
These predictions allowed me to carefully manage nutrient concentrations and ensure 
they were not depleted.  Operating the membrane intermittently allowed me to precisely 
quantify the nutrient contribution of the permeate, and it also led to higher biomass 
concentration factors.  The relative portions and age of recycled water are clearly 
definable by calculating FRW and θ’, respectively.   
I consistently achieved BPR values equal to 360 mg-DW/L/d (8.3 g/m2/d) at a 
relatively low LI setting.  Increasing LI led to increased production, but this was marred 
by biofilm formation, which significantly reduced the system’s productivity.  
Implementing a biofilm management strategy, such as its direct removal or the 
moderation of LISA, will help ensure the system maintains better production at higher LI.   
Recycling harvest water did not cause gradual inhibition, as was seen in previous 
work with Chlorella zofingiensis (Zhu et al., 2013).  However, cultures entered a state of 
decline more quickly when large portions of permeate (80%) were recycled immediately 
(S3, S4).  Increasing the permeate portions gradually (S1, S2, S5) resulted in more days 
of stable performance.  The instability of the Control experiment (in which no permeate 
was added) suggests that recycling permeate is not the primary cause of culture declines.  
The next chapter discusses these declines and possible causes behind them. 
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CHAPTER 5 
POSSIBLE CAUSES OF REACTOR FAILURE 
 
Five out of the six sequencing batch reactor (SBR) experiments discussed in 
Chapter 4 ended with the culture entering a stressed state.  This was followed by the 
cessation of PCC 6803 growth, which caused me to shut down operation.  Severe stress 
was evidenced by an abrupt increase in SCOD relative to PCOD, and the color of the 
culture shifting from green to yellow.  Figure 5-1 is a photo of filters used on biomass 
samples before and after the final two dilutions of the S4 experiment.  The normal colors 
of biomass before and after dilutions are shown by filters 1 and 2, respectively.  During 
the ~23 hours of growth between filters 2 and 3, the culture began exhibiting stress; the 
value of ΔSCOD/average PCOD was 15.3%, approximately 18 times higher than during 
the previous day.  The culture was less dense but also lighter in color, which was clearly 
evident after the dilution (filter 4 compared to filter 2).  Filter 5 shows the biomass 9 
hours after the final dilution; ΔSCOD/average PCOD reached 47% over this interval 
indicating cell lysis had occurred.     
 
 
Figure 5-1.  Biomass color transitions observed during final two dilutions of S4 
experiment.  (1) and (2): colors normally seen before and after dilutions (respectively); 
(2) and (3): bracket day of growth during which biomass exhibited stressed state; (3) and 
(4): bracket the final dilution; (5): biomass 9 hours after final dilution.     
  
   1        2     3   4                 5   
   
  76 
The overall color transition suggests bleaching or chlorosis, which occurs when 
cells degrade their phycobilisomes (light-harvesting antennae attached to the exterior of 
thylakoid membranes) and gradually leads to the visible yellowing of the culture.  
Chlorosis has been well documented in PCC 6803 (Elmorjani & Herdman, 1987; 
Krasikov et al., 2012; Richaud et al., 2001).  Phycobilisomes can contain up to half of the 
soluble protein in the cell, and their degradation provides a source of nitrogen (N) during 
N starvation (Krasikov et al., 2012).  Reductions in phycobilisome content also prevent 
photodamage by reducing the absorption of excitation energy when other nutrients are 
limiting (though this is not induced by sulfur starvation in PCC 6803) (Richaud et al., 
2001).   
The apparent onset of chlorosis during the SBR experiments was not the result of 
N starvation, since at least 30 mg NO3
- - N/L was present in the PBR at the end of each 
dilution cycle.  The stress conditions were accompanied by slight increases in the overall 
nitrate consumption rate relative to the biomass production rate:  The ratio of ΔNO3- - 
N/ΔPCOD (absolute value) was above average on days that stress became evident (11.4 ± 
0.9% compared to 8.9 ± 0.9%).  This utilization pattern cannot be strictly ascribed to 
PCC 6803, due to mixed culture conditions, but light microscopy images indicated that 
PCC 6803 was the predominant member of the microbial community.  In addition, the 
nitrite concentrations did not increase during these periods.  Together, these factors 
indicate that the uptake and reduction of nitrate were not inhibited.    
The data I have do not indicate nutrient starvation of any kind occurred.  
Phosphate, sulfate, and dissolved inorganic carbon were amply available when signs of 
stress were first observed.  Repeatedly withholding fresh iron during part of the S5 
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experiment led to a modest decrease in growth, but did not trigger complete reactor 
failure.  The overall amount of biomass produced before adding additional iron indicated 
that excess amounts were present in every experiment.  Furthermore, each dilution cycle 
of the Control experiment replaced ~65% of the PBR’s total volume with normal BG-11, 
but the same failure phenomenon was observed.  Overall, the typical culprits behind 
chlorosis were not the cause of reactor failure.     
Given that nutrients were non-limiting, the failure of the reactors was more likely 
due to the accumulation of one or more toxins.  The nature and source of such substances 
are unknown.  However, evidence of this stems from the fact that PCC 6803 cells became 
nonviable after the occurrence of the stressed state.  Cultures also exhibited another 
visual symptom prior to complete bleaching:  forming very small aggregates that quickly 
settled out of suspension.  A photograph of this symptom is shown in Figure 5-2.   
 
Figure 5-2.  Photograph of cell aggregation prior to reactor shutdown.  The right side of 
the sample tube is darker due to relatively large particles formed by biomass.  When kept 
stationary, these particles rapidly settled to the bottom of the tube.  
 
One source of toxicity is trace metals, and I considered the possibility that they 
accumulated in the reactor over time.  Metal cations added in the growth medium (i.e., 
cobalt, copper, iron) are essential to cyanobacterial growth, but can cause toxicity effects 
at elevated concentrations (Baptista & Vasconcelos, 2006).  In addition, extracellular 
  78 
polymeric substances (EPS) produced by cyanobacteria are anionic due to the presence of 
uronic acids and sulfate groups (Jittawuttipoka et al., 2013).  It has been proposed that 
EPS facilitates metal sequestration and serves as a protective barrier from toxic metals 
and other environmental factors, such as antibacterial agents and predation by protozoans 
(De Philippis et al., 2001; De Philippis & Vincenzini, 1998).  Evidence of these 
characteristics in EPS produced by PCC 6803 has been demonstrated (Jittawuttipoka et 
al., 2013). Growing wild-type (WT) and mutant strains that produced less EPS, 
Jittawuttipoka et al. (2013) found a correlation between the amount of EPS and the zeta 
potential of cells.  Compared to the mutants, WT PCC 6803 showed increased iron 
sorption at the cell surface and higher tolerance to NaCl, CdSO4, and CoCl2.  
Furthermore, some of the EPS-depleted mutants settled out of suspension more quickly.  
The authors suggest that certain PCC 6803 EPS may actually inhibit biofilm formation, 
given that antibiofilm exopolysaccharides have been detected in other species of bacteria 
(Rendueles et al., 2013).         
These features of EPS may have allowed metals or other cationic salts to 
accumulate in the PBR over time, particularly if EPS was released into the permeate 
during membrane filtration.  While PCC 6803 photosynthesis has been shown to be 
inhibited at high concentrations of total dissolved solids (TDS), the culture continued to 
grow at TDS > 10 g/L (Kim et al., 2013).  The high TDS concentration in Kim et al. 
(2013) came from using BG-11 that was much more concentrated than any medium used 
during the SBR experiments (12x normal concentration of all components except P, 
which was 60x).  This high-TDS finding suggests that concentrations of metals or 
cationic salts would have been insufficient to cause inhibition.  However, the rate of 
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SCOD increase exceeded that of PCOD during stressed conditions, which indicates lysis 
had occurred.  The subsequent degradation of EPS combined with a high salt 
concentration may have led to cell aggregation.   
Cell lysis may have resulted from mixed culture conditions.  Several strains of 
bacteria can cause lysis in cyanobacteria.  Streptomyces phaeofaciens induced lysis in 
select cyanobacterial strains by secreting the amino acid L-lysine and possibly other, 
unidentified compounds (Yamamoto et al., 1998).  Pseudomonas K44-1 showed 
“algicidal” activity against cyanobacteria attributable to its production of harmane (1-
methyl-β-carboline) (Kodani et al., 2002).  Two exometabolites (norharmane (β-
carboline) and 4,4’-dihydroxybiphenyl) produced by cyanobacteria (Nodularia 
harveyana and Nostoc insulare, respectively) exhibited time dependent anti-algal effects 
against other cyanobacteria.  This included moderate self-inhibiting activity by N. 
insulare (Volk & Furkert, 2006).  In addition, the amino acids glycine and β-N-
Methylamino-L-alanine (BMAA, which is produced by certain cyanobacteria) have been 
shown to cause inhibition and eventual cell death in PCC 6803 (Downing et al., 2012; 
Eisenhut et al., 2007).  It is important to note that no self-inhibiting compound for PCC 
6803 has been reported, and the aforementioned bacteria were not tested against it.   
Viruses that infect cyanobacteria, known as cyanophages, also may have triggered 
cell lysis and subsequent culture crashes.  Cyanophages are prevalent in marine and 
freshwater environments, and they are grouped within the families Myoviridae, 
Podoviridae, and Siphoviridae.  The latter two families are found in freshwater 
environments, which is consistent with PCC 6803 (Xia et al., 2013).  Siphoviruses in 
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particular are considered lytic rather than lysogenic, and they have been shown to lyse 
certain Synechococcus strains (Xia et al., 2013).   
Most phages that infect unicellular freshwater cyanobacteria do not interrupt 
photosynthesis; oxygen evolution and CO2 assimilation do not decline until lysis (Bailey 
et al., 2004).  Furthermore, certain obligately lytic cyanophages, albeit marine strains, 
have demonstrated a latent period (time from infection to lysis) that is on the order of 8 – 
9 hours (Bailey et al., 2004).  Together, these characteristics could explain the abrupt 
onset of growth arrest in my experiments.  Research has also shown that the adsorption of 
certain phages to the surface of cyanobacteria cells is strongly light-dependent (Jia et al., 
2010).  This suggests that infection rates may have been increased as a result of the 
constant lighting I provided during my experiments.   
Plaque assays are a common technique used to estimate the titres of viruses that 
lyse cyanobacteria (Suttle, 2007).  I performed several plaque assays using BG-11 in the 
agar, pure PCC 6803 as the lawn of host cells, and potentially infected samples which I 
collected during the final two days of the S4 experiment.  No plaques formed after a full 
week of incubation. 
The presence of microorganisms exhibiting negative allelopathic effects or 
capable of infecting PCC 6803 offers a plausible explanation for reactor failure.  Lytic 
compounds would accumulate at variable rates as a result of numerous factors; the stable 
performance period would theoretically be a function of FRW, the growth rate and 
concentration of anticyanobacterial microorganisms, the specific production and decay 
rate of the lytic agent, the toxicity threshold of the agent, and possibly θ’ if exposure was 
time dependent.  If viral infection took place, the duration of stable performance would 
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depend primarily on the latent period of the virus.  Such microorganisms could also cause 
reactor failure independent of permeate recycling, as was seen in the Control experiment.  
Furthermore, only during the S5 experiment did I sanitize the membrane following each 
dilution cycle, which reduced the likelihood of contamination from anticyanobacterial 
microorganisms.  Overall growth was more stable at a greater proportion of recycled 
permeate than in the other SBR experiments.  However, S5 also featured a higher 
operating biomass concentration as well as biofilm, which may have increased the overall 
resistance of PCC 6803 to allelopathic stressors.   
Based on the data I obtained, I cannot offer a definitive explanation for the reactor 
failures.  I can say that these failures were not the result of nutrient limitation.  
Repeatedly recycling membrane permeate appears to have contributed to the onset of 
stress and subsequent growth arrest; the reactor was less stable when a higher proportion 
of permeate was recycled immediately (S3 and S4 experiments).  But, recycling was not 
the primary contributor to instability, because growth lasted longer in certain instances 
when permeate was recycled (S1, S2, and S5 experiments) than when it was not 
(Control).   
The negative impacts on PCC 6803 may be best attributed to mixed culture 
conditions imposing negative allelopathic effects or viral infection.  It is possible that 
these effects were exacerbated by other factors, such as salt and metal accumulation due 
to sorption by EPS or constant lighting.  However, the production of a self-inhibiting 
compound by PCC 6803 cannot be completely discounted given the fact that such 
compounds have been detected with other cyanobacteria.  No matter the cause, the 
inhibitory effects were fast acting and resembled chlorosis. 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
This work demonstrates that Synechocystis sp. PCC 6803 can be grown with 
permeate obtained after concentrating the biomass by membrane filtration, or the PBR + 
MFS system.  Recycling permeate reduced the amount of water delivered to the PBR by 
up to 80%.  It also allowed for the reuse of nutrients, which are normally maintained in 
excess to maximize growth potential.  While a longer period of stable growth was 
achieved during continuous operation, semi-continuous operation (SBR experiments) 
provided significantly better control over the nutrient supply, the permeate contribution to 
the influent, and the extent to which harvested biomass was concentrated.  Semi-
continuous operation also allowed me to formulate unique system parameters that 
describe the amount of permeate in the PBR (recycled water fraction, FRW) and the 
average retention time of the medium (true hydraulic retention time, θ’).  
A light-based model accurately represented biomass productivity when biofilm 
was not present.  Biofilm significantly diminished system performance, primarily due to 
the loss of suspended biomass rather than the reduction of available light.  Coupling 
model predictions with the mass ratios for PCC 6803 made nitrogen (N) and phosphorus 
(P) loading efficient, because it allowed me to tailor the growth medium to satisfy 
projected consumption rates.  In addition, I reduced the net inputs of N and P while still 
maintaining them in excess by accounting for contributions from the permeate.   
Daily biomass production rates and specific growth rates equal to 360 mg-
DW/L/d (8.3 g/m2/d) and 1.0 d-1, respectively, were consistently achieved at a relatively 
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low incident light intensity (LI0 = 180 µE/m
2/s).  Overall, production rates as high as 550 
mg-DW/L/d (12.6 g/m2/d) were attained at the highest possible incident light setting (LI0 
= 725 µE/m2/s).  Recycling permeate did not cause a gradual inhibition effect, as growth 
was consistent at variable amounts of recycled permeate in the medium (FRW = 0 – 70%) 
and true hydraulic retention times (θ’ = 1.6 – 3.4 d).  However, stable performance 
periods were longer when the amount of permeate being recycled was gradually 
increased over time, which effectively reduced the number of times that different volume 
fractions were reused.     
I repeatedly observed cultures rapidly enter a stressed state, which was followed 
by widespread cell lysis.  This phenomenon resembled chlorosis, but was not caused by 
nutrient starvation.  It occurred independently of permeate recycling, and I found no 
apparent link between the duration of stable growth and the amount, or retention time, of 
recycled permeate.  Culture failures may best be attributed to mixed culture conditions 
leading to viral infection or negative allelopathic effects on PCC 6803.  However, salt 
stress and possibly self-inhibition may have contributed to failures as well.   
The actual failure mechanism is not yet understood, and characterizing the 
microbial community during operation of the PBR + MFS system may be the key to 
explaining it.  At a minimum, characterization will help determine the probability that 
reactor failures were triggered by “anti-algal” microorganisms.  It could also lead to the 
identification of bacteria that have negative allelopathic effects on PCC 6803.  Knowing 
the toxicity of the responsible compounds will help inform reactor operations in terms of 
solids and hydraulic retention times, and it may assist in the selection of a suitable 
pretreatment option for permeate during recycling.  
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System performance also can be improved through further development and 
testing of the model.  The domain of biomass concentrations in which light attenuation is 
adequately characterized by the Beer-Lambert law must be resolved to determine optimal 
operating conditions.  Biomass productivity can then be accurately predicted and 
theoretically maximized while providing suitably high LI.  When biomass is harvested 
once daily during semi-continuous operation, the model indicates that the highest 
productivities are obtained when the initial LISA is on the photoinhibition side of the 
specific growth rate curve.  This theoretically allows µ and X to increase simultaneously 
over part of the growth period, because growth causes LISA to decrease to optimal values 
before it becomes limiting.  The model also shows that harvesting biomass more than 
once daily will decrease the overall productivity, because more frequent withdrawals will 
not make up for the decreased concentration.   
In field settings, continuous and semi-continuous operation will be made most 
effective by implementing real-time monitoring of the biomass concentration and 
sunlight irradiance, and subsequently LISA.  These data can provide the foundation for 
automated systems that incorporate liquid and biomass recycling, which could reduce 
water and nutrient use while also maintaining an optimal LISA.  Microfiltration is the 
ideal harvesting method for such a system, as either the permeate or retentate stream can 
be diverted back to the PBR as a means of controlling the biomass concentration under 
variable light conditions. 
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APPENDIX A 
TRUE HYDRAULIC RETENTION TIME EXAMPLE   
  92 
The following page shows the governing equations for computing true hydraulic 
retention time (θ’), and two tables with identical data; the top table has descriptive labels 
while the bottom one uses the general form symbols (additional columns to show all 
parameters).  The symbol n is the time (days) spent in batch mode, z represents the time 
(days) since the end of batch mode, x is the age (days) of the volume fraction, y is used to 
indicate the previous fraction determines the subsequent one (y = n when x = n + 1, and y 
= 1 for all other x), and t is the time against which θ’ values were plotted.  
Generally, the SBR experiments spent 2 days in batch mode (n = 2), and the total 
working volume (VT) was 14 L.  The one-day-old fraction (τ1) for all t was calculated 
using Equation 1, while the remaining fractions were calculated with Equation 2.  
Equation 3 calculates θ’ by averaging each individual volume fraction, weighted against 
their respective ages. V/Q is included to show how standard HRT computations 
underestimate the true value when fluid is recycled.  Each θ’ value is determined 
immediately prior to performing a dilution, and is based on the diluent composition from 
the previous day. 
 
 
 
 
 
 
 
 
  93 
τ1
t=(n+z)
=
VR,z−VP,z
VT
                 (1) 
τx
t=(n+z)
= [τx−y
t=(n+z−1)
] [
VP,z+(VT−VR,z)
VT
]              (2) 
θ′ = τ1
t=n+z + ∑ xτx
t=(n+z)n+z
x=n+1                  (3) 
 
End 
of 
Day 
Vol 
Removed 
(L) 
Vol 
Perm 
Added 
(L) 
1 day 
old 
fraction 
2 day 
old 
fraction 
3 day 
old 
fraction 
True 
HRT 
(d) 
V/Q            
(d) 
2 8.77 3.51 0 1   2 N/A 
3 9.00 3.60 0.38 0 0.62 2.25 1.60 
 
   
 
 x (d)  
     1 2 3  
z 
t=n+z        
(d) 
VR                    
(L) 
VP                 
(L) 
VT-VR 
(L) τ1 τ2 τ3 
θ'                       
(d) 
0 2 8.77 3.51 5.23 0 1   2 
1 3 9.00 3.60 5.00 0.38 0 0.62 2.25 
 
 
